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Jan. 27, 1841

'.... it proved to be a mountain twelve thousand four
hundred feet of elevation above the level of the sea, emitting

flame and smoke in great profusion,.....'

Jan. 28, 1841

'The discovery of an active volcano in so high a southern
latitude cannot but be esteemed a circumstance of high geological
importance and interest.... I named it "Mount Erebus",.....

At 4 P.M. Mount Erebus was observed to emit smoke and flame in
unusual quantities, producing a most grand spectacle. A volume
of dense smoke was projected at each successive jet with great
force, in a vertical column, to the height of between fifteen
hundred and two thousand feet above the mouth of the crater,...
... the bright red flame that filled the mouth of the crater

was clearly perceptible; and some of the officers believed they
could see streams of lava pouring down its sides until lost

beneath the snow....'

Sir James Ross (1847) (p.216-221).

A view of the Inner Crater of Mt Erebus from the main
crater floor showing the lava lake discovered in Décember 1972
by a New Zealand expedition. The lake has increased in size
since the discovery and now occupies about half the area of
the inner crater. In the present view lava upwelled in the top
right-hand area (referred to as the fish tail) and flowed
slowly until disappearing down a cave at the bottom centre of
the photo. Vigorous strombolian eruptions from the small vent,
in the upper right, hurled molten lava to heights of about
500 m, and forced the cancellation of a planned descent into
the Inner Crater by a team of French and New Zealand
volcanologists. Photo taken in December 1974.
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ABSTRACT

Rocks of the McMurdo Volcanic Group occur as strato-
volcanoes, shield volcanoes, scoria cones, plugs, flows and
volcanic piles up to 4000 m high along the Ross Sea margin
of the Transantarctic Mountains and make up the Balleny
Islands 300 km north of the Antarctic continental margin.
The rocks are predominantly undersaturated and range from
alkali basalt and basanite to trachyte and phonolite. Four
volcanic provinces are recognised; Balleny, Hallett,

Melbourne and Erebus.

The Balleny volcanic province is situated along a
transform fault in the South Pacific Ocean. The rocks are

predominantly basanite.

Hallett volcanic province occurs along the coast of
northern Victoria Land as four elongate piles formed
extensive of hyaloclastites, tuffs, breccias and capped by
subaerial eruptive products. The lavas are a basanite/alkali
basalt-trachyte-quartz trachyte association, and were extruded
over the last 7 m.y.

Melbourne volcanic province stretches across the
Transantarctic Mountains in northern Victoria Land and ranges
in age from 0 to 7 m.y. A Central Suite of intermediate and
trachytic lavas form stratovolcanoes, cones and plugs, while
many small basanite outcrops constitute a Local Suite. Three
lava lineages, resulting from differentiation, are recognised.

1) Lavas at The Pleiades and Mt Overlord consist of a
mildly potassic trachyandesite-tristanite-K-trachyte- '
peralkaline K-trachyte lineage. Major, trace and rare earth
element (REE) data suggest evolution by fractional crystallization
of olivine, clinopyroxene, magnetite, apatite and feldspar.

2) A basanite-nepheline hawaiite-nepheline mugearite-
nepheline benmoreite lineage, found at The Pleiades is
believed to result from fractional crystallization of olivine,



clinopyroxene, kaersutite, magnetite, apatite and feldspar.
3) An oversaturated (Q = 0 to 18%) strongly potassic
quartz trachyandesite-quartz tristanite-quartz trachyte

lineage occurs at only Mt Melbourne.

The Erebus volcanic province covers all McMurdo Volcanic
Group rocks in south Victoria Land. Mt Erebus itself is
still active, but the province includes rocks as old as
15 m.y. Two lava lineages very similar chemically are
recognised:

1) The Erebus lineage consists of strongly porphyritic
nepheline hawaiite-nepheline benmoreite-anorthoclase phonolite.
Phenocrysts of feldspar, clinopyroxene, olivine, magnetite and
apatite are characteristic. The chemistry of the lineage is
compatible with fractional crystallization of the phenocryst
phases.

2) A kaersutite lineage consists of basanite-nepheline
hawaiite-nepheline mugearite-nepheline benmoreite-kaersutite
phonolite-pyroxene phonolite. Clinopyroxene (W°44—48En40—48
Fso_q4) is ubiquitous, kaersutite is common in all intermediate
lavas and primary olivine (Fa12 to Fa26) is confined to the
basanites.

Major element mass balance models for lavas from Hut Point
Peninsula suggest formation by fractional crystallization

of olivine, clinopyroxene, spinel (includes magnetite and
ilmenite), kaersutite, feldspar and apatite. - Middle REE

show a marked depletion consistent with kaersutite fractionation.
REE abundances were evaluated using the mass balance models and
published partition coefficients. Calculated REE abundances
show excellent agreement with the measured values. Abundances
of "incompatible" elements Pb, Rb, Cs, Th and U are not
consistent with the models and "volatile enrichment" processes
are invoked to explain their abundances.

Intermediate lavas of the kaersutite lineage are rare
in the Erebus volcanic province, occurring only at Hut Point
Peninsula and Brown Peninsula. At other areas basanite and
phonolite lavas predominate. However these are considered
to form by fractional crystallization processes similar to

Hut Point Peninsula lavas.



Erebus lineage lavas differentiated at higher temperatures
and lower PH20 than those of the kaersutite lineage, which
characterise the periphery of Ross Island. REE abundances and
comparison with experimental melting studies indicate DVDP
basanite originated by a low degree of partial melting (1-5%)
of a hydrous garnet peridotite mantle at pressures of 25-30
kbars. These data suggest that Ross Island is the site of

a mantle plume with a diameter of about 100 km and centred

on Mt Erebus.
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CHAPTER ONE

INTRODUCTION

Alkali volcanism has been widespread in Antarctica
and its offshore islands during the Late Cenozoic, occurring
in three broad regions (Fig. 1l.1):

i, the Antarctic Peninsula;

ii, Marie Byrd Land;

iii,., Victoria Land and the Balleny Islands.
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FIGURE 1.1 Distribution of Late Cenozoic volcanic rocks in Antarctica
(after Craddock, 1972). Radiometric age determinations
from Armstrong (1975), Bull and Webb (1973), Craddock
(1972) and LeMasurier (1975 personal communication).
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Lavas from the Antarctic Peninsula are mildly alkaline and
consist of hawaiite, mugearite and trachyte (Baker, 1972).
The Marie Byrd Land and Victoria Land volcanics are chemically
and petrographically similar and occur in a similar tectonic
environment. They consist of alkaline basaltic to trachytic‘
and phonolitic lavas which are generally more undersaturated
than the Antarctic Peninsula rocks. Although the Marie Byrd
Land and Victoria Land volcanics are separated by the Ross
Sea, Boudette and Ford (1966) consider they are part of one
large petrographic province, The crustal structure between
the two areas is poorly understood, because of sea and ice
cover, but as alkali volcanism is usually associated with
tensional environments (Sorensen, 1974), they may be related
to a common tectonic feature, such as a zone of rifting.

Late Cenozoic volcanic rocks of Victoria Land, islands
in the western Ross Sea and the Balleny Islands constitute the
McMurdo Volcanic Group* (Harrington, 1958; Antarctic Lexicon,
in preparation). Treves (1967) described small volcanic cones
at Mt Weaver in the central Transantarctic Mountains (Fig. 1.1),
which he considered were correlatives of the McMurdo Volcanic
Group (Goldich et al., 1975). A K/Ar age of 27.3%2.7 m.y.
(Bull and Webb, 1973) places them well outside the age range
(0-15 m.y.) of the McMurdo Volcanic Group and they are
therefore not considered correlatives (Antarctic Lexicon,
in preparation). The McMurdo Volcanic Group extends from the
Balleny Islands southward for over 1400 km to the strato-
volcanoes in the McMurdo Sound area (Fig. 1.2), and contains
two active volcanoes - Mt Erebus and Mt Melbourne. The
McMurdo Volcanics are one of the larger Late Cenozoic alkali
volcanic provinces in the world. In terms of present plate
tectonic theory, the volcanics are all intra-plate. The reason
for the siting of these volcanoes has not been satisfactorily
explained by any plate tectonic model.

It was realised at the beginning of this study that it
would be impossible to examine, even in general terms, all
areas of the McMurdo Volcanic Group. Several centres were

*
Referred to elsewhere in this thesis as the McMurdo Volcanics.
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therefore selected for detailed geochemical and mineralogical
investigation to represent the area as a whole. Similarities
with the remaining areas were made by comparing the results of
the detailed study areas with available data from the other
areas. Detailed studies were made of The Pleiades, northern
Victoria Land, at Hut Point Peninsula, and to a lesser extent
Mt Erebus, McMurdo Sound area.

Considerable areas of exposed McMurdo Volcanics in the
McMurdo Sound area are unexplored, and offer areas for future
study. Such areas include Mt Discovery, Minna Bluff, Mason |
Spur, extensive areas of basaltic scoria cones north and west of
Koettlitz Glacier and the upper slopes of Mt Morning and Mt
Terror (Fig.3.10).

This study is primarily geochemical and mineralogical,
with emphasis on the petrogenesis of the lava sequences in
each of the study areas. It has built on the field work and
descriptive petrology of earlier workers but also includes
additional field work which is described below. A synthesis of
old (early 1900's) and new (since 1956) chemical data has been
made.

Quantitative mineral chemistry has been interpreted to
determine the physical conditions under which differentiation
has occurred and as an input for least squares mass balance
calculations of differentiation processes. The variation of
mineral chemistry with changes in lava chemistry was also examined.

This study has been confined to the volcanic rocks, with
only rare exceptions. A large number of highly variable
plutonic inclusions, which occur particularly in the lavas
from the McMurdo Sound area, have not been examined. No effort
was made to examine the use of the McMurdo Volcanics in under-
standing the glacial history of Antarctica, but obvious
inferences or conclusions have been made.



S
Field Work

Four consecutive austral summer field seasons from
1971/72 to 1974/75 were spent in Antarctica as a member of
Victoria University of Wellington Antarctic Expeditions
(VUWAE) 16 to 19, Field work associated with this thesis has
been on two main projects:

i. Dry Valley Drilling Project (DVDP) (McGinnis et al.,
1972) as site geologist for holes 1, 2 and 3. 118 days were
spent examining and logging core (Treves and Kyle, 1973a;

Kyle and Treves, 1974a);

ii, Erebus Project during which the activity of Mt
Erebus was observed (Giggenbach et al., 1973; Kyle, 1975)
in three consecutive seasons (total 45 days) from a camp at
3600 m on the summit cone.
Field investigations of the McMurdo Volcanics in northern
Victoria Land, Ross Island and Mt Morning totalled only 29 full
field days.

In all areas examined exposure was poor and either snow
or morainic material predominated. Mapping was difficult
because small scale maps (less than 1:250,000) were not
available and aerial photography coverage was poor and often
confined to oblique photographs. Some vertical photographs
from trimetrogon runs were available however. A sketch map
for The Pleiades area was drawn using vertical and oblique
aerial photographs and radial triangulation.

Previous Work
Previous information has come from the f£ield work and

collections made between 1840 and 1916 by the 'heroic era'

expeditions, and from the 'post-IGY' (International Geophysical

Year 1957-58) polar explorations. The older works are summarised
by Smith (1954, 1959), Gunn and Warren (1962) and Stewart (1956);
the latter also listed all published chemical analyses.



The most comprehensive studies of the post-IGY period
were made by Harrington et al., (1967) and Hamilton (1972),
on four large piles of predominantly basaltic lavas which
stretch southward from Cape Adare to Coulman Island (Fig. 1.2).
Hamilton (1972) presented field, petrographic and geochemical
data on samples collected during a helicopter reconnaissance of
northern Victoria Land. Thirty four high quality whole-rock
chemical analyses were published, though deductions based on
them must be considered tentative as they represent samples
from an area in the order of 2000 km?.

The McMurdo Volcanics in northern Victoria Land, from
Mt Melbourne through to The Pleiades (Fig. 1.2), have been
described by Nathan and Schulte (1968) and are discussed in
detail in Chapter 3.

Field mapping and, in some cases, petrographic studies
by Cole and Ewart (1968), Treves (1962), Cole et al., (1971),
Wellman (1964) and the brief summaries of individual areas by
Treves (1967) clearly indicate an alternating basaltic and
phonolitic eruptive sequence in the McMurdo Sound area.
Unpublished B,Sc. (Hons.) projects (Kyle, 1971; Adams, 1973;
Luckman, 1974) have examined some of these eruptive events in
more detail in the field, petrographically and geochemically.

A description of the anorthoclase phenocrysts and a
discussion of the development of peralkalinity in the Mt Erebus
anorthoclase phonolite lavas have been given by Boudette and
Ford (1966) and Carmichael (1964) respectively.

The abundant plutonic inclusions in lavas from Hut
Point Peninsula and basaltic cones along the east flank of
the Royal Society Range (Fig. 3.10) were described by Forbes
(1963) , Forbes and Banno (1966) and McIver and Gevers (1970).

Geochemical and mineralogical interest in the McMurdo
Volcanics has been stimulated by activities associated with the
Dry Valley Drilling Project. Although little has been
published the abstracts of McMahon and Spall (1974a, 1974b);
Treves and Ali (1974); Kyle (1974a); Kurasawa (1974);

Browne (1974); Stuckless et al., (1974a, 1974b); Goldich
et al., (1973); Sun and Hanson (1974a, 1974b, 1974c);



Weiblen et al., (1974a, 1974b) indicate a large amount of
current research.

During the final stages of preparation of this thesis
(September, 1975) a major paper on the geochemistry of the
McMurdo Volcanic Group from Ross Island and vicinity by
Goldich et al., (1975) was published. Reference to this paper
is restricted to discussion in the final part of this thesis.
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Abstract

Volcanoes of the McMurdo Volcanic Group occur in four volcanic prov-
inces: Balleny, Hallett, Melbourne and Erebus. The Balleny and Hallet provinces
are distributed along the Balleny Fracture Zone and Hallett Fracture respec-
tively. Stratovolcanoes within the Melbourne province may be associated with
north to northwest-trending grabens and faults in northern Victoria Land.
The Erebus volcanic province is located at the intersection of the Rennick
Fault and northeast trending faults along the central Transantarctic Mountains.
Within the Erebus province, volcanic centres around Mt. Erebus and Mt. Dis-
covery possess radial symmetry which may be related to radial fractures at
approximately 120° to each other.

Introduction

The Mc Murdo Volcanic Group (HARRINGTON, 1958; HARRINGTON
et al., 1967; NaTtHAN and ScHULTE, 1968) consists of under-saturated
alkaline volcanics which form the Balleny Islands, and the strato-
volcanoes and isolated cones in northern Victoria Land and the
Mc Murdo Sound region. The Group forms part of a large Late
Cenozoic alkaline volcanic province which includes the Quaternary
(Byrd) volcanics of Marie Byrd Land (HARRINGTON, 1965; BOUDETTE
and Forp, 1966). The rocks range in composition from alkali olivine
basalt and basanite to trachyte and phonolite, and have been erupted
over the last 15 m years (K/Ar dates from R.L. ARMSTRONG, written
communication). Mt. Erebus, the main volcano of Ross Island, was
recently observed to contain a small lava lake in which frequent
Strombolian type eruptions occurred (GIGGENBACH et al., 1973).

Treves (1967) has described a few small cones of olivine basalt
and pyroclastic rocks from Mt. Weaver (Lat. 87° S; Long. 152° W) and

1
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correlated them with the Mc Murdo Volcanic Group. However because
of their limited extent and separation from other rocks of the Group
they are not included in this discussion.

For the purposes of the discussion rocks of the Mc Murdo Vol-
canic Group are divided into four informally named volcanic prov-
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FIG. 1 - Map of Antarctica showing distribution of provinces of the McMurdo Volcanic
Group. 1 - Balleny province; 2 - Hallett province; 3 - Melbourne province;
4 - Erebus province.

inces on the basis of their areal distribution (Fig. 1). The Balleny and
Hallett Provinces are the same as those designated by HAMILTON
(1972), and the Erebus province is renamed from Hamilton’s « Mc
Murdo » volcanic province to avoid confusion with the Mc Murdo
Volcanic Group. A fourth province is proposed for the volcanics be-
tween Mt. Melbourne and The Pleiades (NATHAN and ScHULTE, 1968),
and is named the Melbourne volcanic province.

Regional Structure

Forp (1972) has reviewed previous literature on the tectonic frame-
work of Antarctica and concludes that Antarctica can be subdivid-

2
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ed into three broad tectonic provinces: a « Pacific margin * Andean "
province » in Graham Land; a « Ross-Weddell province » for the west
Antarctica-Transantarctic Mountains area, and an « Indian-Atlantic
province » for the older cratonic area of East Antarctica. The junction
between the last two provinces is along the Transantarctic Mountains
front for most of the length but the form of this boundary is a cause
of much speculation. We believe that the front represents a major
fault or fault zone, but there are few locations where this can be
clearly demonstrated. However at the mouth of the Shackleton Glacier,
Beacon strata have been downthrown at least 2 km and probably
5 km by a fault subparallel to the mountain front (BarreTT, 1965).
Farther north xenoliths of quartzose sandstone comparable to rocks
of the Beacon Supergroup exposed in the Transantarctic Mountains
occur in volcanic rocks near Cape Royds on Ross Island (THOMSON,
1916), suggesting that Beacon rocks may also have been downfaulted
adjacent to Ross Island. On Leg 28 of JOIDES, marbles similar to
those outcropping in the Transantarctic Mountains were cored in the
Ross Sea (HAYES et al., 1973), again suggesting a major crustal down-
warping or fault along the Transantarctic Mountains.

SMITHSON (1972) considers the gravity gradient across Mc Murdo
Sound and the Transantarctic Mountains is too large to be explained
by faulting alone and that it probably results from crustal thinning
from 40 km to 27 km. WooLLArD (1962) arrived at the same conclusion
after considering both seismic and gravity data. SmrrHsox (1972)
however goes an to explain the crustal thinning by plate-plate collision
and subduction along the front of the Transantarctic Mountains in
Late Precambrian times. The present authors do not agree with this
interpretation but believe that the Ross Sea more likely represents
an area of crustal extension possibly due to rifting.

In northern Victoria Land the topographic break on the east side
of the Transantarctic Mountains is also pronounced, and is consider-
ed to represent the surface expression of the Hallett Fracture (Fig. 2),
a major structural break which perhaps developed during the initial
separation of Australia and Antarctica.

Evidence of crustal extension also occurs in the Transantarctic
Mountains of northern Victoria Land where the Rennick Fault crosses
the mountains diagonally and forms the eastern boundary of a graben
here termed the « Rennick Graben » (Fig. 2). The Rennick Fault may
form a continental extension of the Tasman Fracture Zone proposed

3
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by Haves and ConNoOLLY (1972), and, if so, the Rennick Graben may
have developed at the same time as the Otway Rift and associated
structures of S.E. Australia (GRIFFITHS, 1971; HouTZz and MARKL, 1972).
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Fic. 2 - Simplified geological map of Victoria Land and the Balleny Islands, to show
relationship of volcanism to structure.

Structural Control of Volcanism

Previous syntheses have suggested that the volcanoes of the
Mc Murdo Volcanic Group can be related to one major structural
trend. HARRINGTON (1965) calls this the Mc Murdo Volcanic Arc;
Mc Iver and GEevers (1970) the Mc Murdo volcanic belt, while GUNN
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(1963) related the distribution to the Ross Sea Trough. Reconnais-
sance mapping (CrRADDOCK, 1972) and aeromagnetic surveys (ROBINSON,
1964) however show the volcanics to be discontinuous and they are
therefore probably related to several structural trends related to the
four volcanic provinces shown in Fig. 1.

Balleny Volcanic Province

Volcanoes of the Balleny Islands are linearly distributed along
the Balleny Fracture Zone (FALCONER, 1972), an oceanic fracture which
is probably a transform fault offsetting the Indian-Antarctic mid-ocean
ridge (GRIFFITHS and VARNE, 1972; FALCONER, 1972). The Balleny Islands
are considered by these authors to be situated at the southern end of
this fracture which from rates of spreading would suggest a maximum
age of 10 million years (GrirriTHs and VARNE, 1972).

Hallett Volcanic Province

The Hallett province is also a linear feature comprising four
elongate volcanic piles along the north-eastern coast of northern
Victoria Land (HARRINGTON et al., 1967; HAMILTON, 1972). Harrington
et al. (1967) suggest that « tensional rifts in a monoclinal flexure
would provide egress for the volcanics » but there is no geological
evidence for such a flexure, and it is more likely that the volcanoes
are related to a major fracture which is here termed the « Hallett
Fracture ». It is possible that it may be the southern continuation of
the Balleny Fracture as the northern end has the same trend as the
Balleny Fracture. However further bathymetric or magnetic data in
the intervening area is necessary to confirm this correlation.

Melbourne Volcanic Province

NATHAN and ScHULTE (1968, p. 943) consider that the volcanoes
between Mt. Melbourne, The Pleiades and northwards form a definite
curvilinear trend which suggests « a deep-seated crustal rift or tension
zone roughly along the main ridge of the Campbell-Aviator Divide »,
but noted there was no structural evidence of such a zone. The
present authors consider that the locations of these volcanoes are
primarily controlled by north to northwest trending graben and fault
structures in northern Victoria Land (Fig. 2). The stratovolcanoes of

5
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Mts. Melbourne and Overlord are associated with the Rennick Gra-
ben, and the volcanoes of The Pleiades and minor eruptive centres to
the northeast possibly with the smaller NW trending faults between
the Freyberg and Victory Mountains (Fig. 2).

Erebus Volcanic Province

Mc Iver and Gevers (1970) have suggested that Mt. Erebus may
lie at the intersection of a major north-south lineament and a subsid-
iary east-west fracture which passes through Mts. Terror, Terra No-
va, Erebus and the smaller volcanic cones in the Taylor Valley. The
present authors consider it more likely that Mt. Erebus and Mt. Dis-
covery are situated at the junction of the southern extension of the
Rennick Fault and a NE trending structure which in part may be the
northern extension of the Hillary Fault shown by GRINDLEY and LAIRD
(1969).

Symmetry of Volcanism in Erebus Volcanic Province

Subsidiary centres and lines of cones on Ross Island have a
radial symmetry around Mt. Erebus (Fig. 3), and their distribution
may thus be related to radial fractures at approximately 120° to each
other. A similar structural relationship occurs around Mt. Discovery
with three radial volcanic lineaments corresponding to Minna Bluff,
Brown Peninsula and Mt. Morning. This radial symmetry is consid-
ered to result from extension of the crust and is comparable to
that associated with the basalt shield volcanoes of Hawaii (WENT-
worTH and MAcCDONALD, 1953: MAcCDONALD, 1965, 1972). Rift zones at
120° to each other surround calderas at Koolau and Waianae volca-
noes in Oahu, at Haleakala on Maui, and around Mauna Kea, Mauna
Loa and Kilauea on Hawaii. MacboNALD (1972) suggests that radial
fracturing on a small scale is due to lateral thrust caused by the weight
of a column of liquid magma in the central pipe conduit. He consid-
ers this inadequate at Hawaii however and invokes stretching of
the volcano by formation of a near-surface magma reservoir and sub-
sequent fracturing. Such a mechanism is supported by the experi-
mental work of Chertkova, who demonstrated that radial fractures
form in paraffin wax when subjected to vertical uplift by a round
piston (BELoUssov, 1962). The fractures produced tend to be sinuous

6
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and become younger away from the centre of uplift. Experiments by
Croos (1955) with clay models showed that even slight upward move-
ment of a plug resulted in radial fractures which opened into rift
structures with increased uplift.

The lavas at Mt. Erebus, Mt. Discovery and the surrounding areas
are predominantly alkali basalt and the differentiates, trachyte and
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Fic. 3 - Map of Erebus province showing distribution of volcanic centres (indicated
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phonolite. Experimental melting studies on similar alkali basalts
suggest that they originate from depths of 50-100 km by partial melt-
ing of the mantle (BuLTiTupE and GREEN, 19715 GREEN and RINGWOOD,
1967; O’ HARA and YODER, 1967). In favourable tensional areas such
as a graben or fracture zone the basaltic magma would rise through
the mantle into the crust creating pressure and updoming of the
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overlying rocks. This updoming would result in the development of
radial fractures about the centre of uplift.

In the East African rift valley there is a strong correlation be-
tween volcanism and broad topographic domes (KiING, 1970). In the
Mc Murdo Sound region there are no suitable reference planes older
than the main onset of volcanism to determine whether doming has
occurred, although submarine lavas (dated at 15 million years) are
exposed at an elevation of 400 m near Mt. Morning. WeBB (1972) and
VELLA (1969) have described uplift in the region since the commence-
ment of volcanism and this uplift has been interpreted in part as
glacio-isostatic and in part tectonic. If the uplift was due in part to
the intrusion of magma, it is likely that radial fractures would de-
velop in the upper crust. Magma would travel upwards and along the
fractures to form a series of dikes. Where magma reached the surface,
stratovolcanoes or lines of cones would form.

Conclusions

The Mc Murdo Volcanic Group is considered to consist of four
provinces each of which is uniquely associated with major structural
features. Linear basaltic piles in the Balleny and Hallett provinces
are associated with major fractures, while the stratovolcanoes of the
Melbourne and Erebus provinces appear to be associated with a
graben and fault intersection respectively. In the Erebus province
crustal doming resulting in radial fractures is postulated to account
for the symmetrical radial distribution of volcanic vents around Mt.
Erebus and Mt. Discovery.
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CHAPTER THREE

VOLCANIC GEOLOGY

Introduction

Rocks of the McMurdo Volcanic Group (excluding the
Balleny Islands) are situated along the front or eastern
flank of the Transantarctic Mountain range (Fig. 1.2). The
only exception is the Melbourne volcanic province where several
large stratovolcanoes lie across the range.

The Transantarctic Mountains in the western Ross Sea
area consist of a basement complex of deformed Precambrian
metasediments which are intruded by Cambrian to Ordovican
granitic and granodioritic plutons (Warren, 1969). The plutons
are widespread, especially in the vicinity of the Melbourne
volcanic province. This basement complex is capped by gently
dipping Devonian (?) to Triassic alluvial plain sediments,
intruded by Jurassic dolerite sills. In places the tholeiitic
magma has reached'the surface and formed basalt flows (Warren,
1969), In contrast, at the northern extremity of the Trans-
antarctic Mountains weakly metamorphosed Precambrian geosynclinal
sediments form the basement onto which the Hallett volcanic
province lavas were erupted (Gair et al., 1969). Nowhere in the
Transantarctic Mountains is there a dated terrestrial record from
the Jurassic until the commencement of volcanism about 15 m.y.
ago.

The rock nomenclature used in this Chapter is explained
in Chapter Four.

Balleny volcanic province

The Balleny volcanic province consists of a 150 km chain
of three large and several small islands (Fig. 3.1), 250 km
northwest of Cape Adare. They lie on the Balleny Fracture Zone,



FIGURE 3,1 Location map of the Balleny Islands (after Quartermain,
1963, and Dawson, 1970).
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a transform fault which offsets the Indian-Antarctic ridge
(Falconer, 1972; Kyle and Cole, 1974).

All the Balleny Islands are volcanic and probably Late
Cenozoic in age (Quartermain, 1963). Reports of volcanic
activity on Buckle Island were made in 1839 and 1899 but no
activity has been observed this century (Quartermain, 1963;
Hatherton et al., 1965). Fine volcanic dust horizons in sediment
cores from the south-west Pacific for 4000 km away, are believed
to have come from the Balleny Islands. One ash eruption with an
estimated explosivity of 20 megatons produced a widespread deposit
between 1.8 and 1.6 million years ago (Huang et al., 1974).

Very few landings have been made on the Balleny Islands.
The rocks examined in this thesis were collected by B. C. Water-
house (New Zealand Geological Survey) in January-March 1965. An
unpublished report (Waterhouse, 1965) briefly describes the

~geology of the islands and gives the sample locations. Little
descriptive information on the geology is available. The

islands are steeply cliffed and capped by snow and ice. Inter-
bedded tuff, agglomerate, scoria and lava flows of alkali olivine
basalt, basanite and hawaiite seem to predominate. Several of

the small islets may be volcanic necks or plugs (Hatherton et al.,
1964).

Hallett volcanic province

Rocks from the Hallett volcanic province (Fig. 3.2) were
not examined in this thesis. The following summary from
Harrington et al,, (1967) and Hamilton (1972) is included to
extend the coverage of the McMurdo Volcanic Group.

The rocks of the Hallett volcanic province occur as four
elongate offshore piles, that rise to heights of over 2000 metres,
along the coast of northern Victoria Land. Three of the piles are
joined to the mainland by ice filled troughs, the fourth is an
island. The piles form a slightly curved volcanic chain, 210 km
in length. Kyle and Cole (1974) believe the chain marks the
position of a major crustal fracture which they named the
'Hallett Fracture'. From north to south the piles form the Adare




 FIGURE 3.2

Generalised geological sketch map of the Hallett
volcanic province. Compiled from data given by
Harrington et al., (1967), Gair et al., (1969)

and Hamilton (1972).
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Peninsula (the longest, 77 km), Hallett Peninsula, Daniell
Peninsula and Coulman Island (the shortest, 33 km). The

piles consist of major overlapping "domes" or shield volcanoes
of elliptical outline and elongated in a north-south direction.
They were formed by eruptions mostly along a crestal fissure
zone, Three domes are prominent on Adare and Daniell
Peninsulas and two on Hallett Peninsula and Coulman Island.
The Hallett and Adare domes were erupted mainly from vents
east of the present peninsula, the eastern half of each vent
has since been eroded away. Daniell and Coulman piles are
symmetrical,

Fach pile consists of a thick foundation of palagonitic
breccias (hyaloclastite), pillow breccias, dikes and sills,
Hamilton (1972) believes these were erupted under an expanded
Antarctic ice sheet which had grounded on the Ross Sea shelf.
The piles are capped by a veneer of subglacial flows and tuffs.,
Ages of the lavas range from Late Miocene (7.0 m.y.) to Holocene.

Hamilton (1972, p. C43) has estimated the following
abundance of lavas; "70 percent of alkaline olivine basalt
and subordinate olivine trachybasalt, 15 percent of trachyte and
no more than a few percent of basanite, andesine basalt, latite,
phonolite and quartz trachyte", He reported that the
assemblage is strongly bimodal with only a small amount of
rocks intermediate between basalt and trachyte.

Melbourne volcanic province

Introduction

The Melbourne volcanic province was proposed by Kyle and
Cole (1974) for the Late Cenozoic volcanic rocks in northern
Victoria Land forming an arcuate belt inland from Mt Melbourne
that includes Mt Overlord and The Pleiades. At its northern
and eastern extremities the province borders the Hallett
volcanic province (Fig. 3.3)., Kyle and Cole (1974) have
discussed the structural setting and believe the centres are
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related to northwest trending faults and grabens.

Nathan and Schulte (1968) have described the field
occurrences of the valcanic rocks in the area and divided
them into a Local Suite and a Central Suite. The Central
Suite is the most abundant and consists of the large strato-
volcanoes of Mt Melbourne (2733 m) and Mt Overlord (3396 m)
and the cones of The Pleiades. Lavas range from basanite to
trachyte, with rare nepheline benmoreite; 95% of the rocks
have intermediate and trachytic compositions. The Local Suite
includes all other occurrences not part of the Central Suite
and with two exceptions the rocks are olivine-bearing basanites

which generally occur as small outcrops and cinder cones (Fig.
3l3)l

The Pleiades

INTRODUCTION

The Pleiades (Lat. 72° 40'S; Long, 165° 30'E) are situated
120 km inland from the northern Victoria Land coast at the head
of the Mariner Glacier. They are at an elevation of 3000 m on
the Transantarctic Mountains (Fig. 3.3), To the northwest is
the Evans Neve, a large accumulation which feeds the Rennick
Glacier southeast into the Ross Sea. The Pleiades comprise a
series of small cones which extend 13 km in a north-northeast
direction, and are dominated by Mt Atlas* in the south, with
smaller less prominant cones to the north (Figs. 3.4f, 3.5).

Prior to this study, only two brief visits had been made
to The Pleiades in 1966 by Riddolls and Hancox,and Nathan and
Schulte, Riddolls and Hancox (1968) described thin sections of
a basalt and two trachytes, but no locations for the samples

* This cone has previously been referred to as Mt Electra by
Nathan and Schulte (1968) but the name was not accepted by
the New Zealand Geographic Board, who now recognise Mt Pleiones.
The point named Mt Pleiones is not the summit of the cone, so a
new summit name, Mt Atlas was submitted for approval.

t In back pocket.
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were given. They suggested The Pleiades were formed by at
least two periods of volcanism, an early trachytic episode
followed by a basaltic episode.

Nathan and Schulte (1968) discussed in detail the geology
of the volcanic rocks outcropping between Mt Melbourne and
The Pleiades (Fig. 3.3). Several thin section descriptions,
a geological map and a discussion of the geology of Mt Atlas
were presented,

The present study was undertaken as part of Victoria
University of Wellington Antarctic Expedition 16 (VUWAE 16)
1971/72. A total of three days were spent in sampling and
mapping the area. Unnamed cones and craters in the following
discussion are referred to by numbers (Fig. 3.4).

AGE
Four K/Ar age determinations for The Pleiades rocks
(Table 3,1) indicate this volcanic centre is very young. The
oldest dated sample from Mt Atlas is 40,000 years old and
the youngest 3,000 years old. When the experimental error in
the determinations are considered, the ages are not significantly

different and can therefore not be used to define stratigraphic
relationships.

MT ATLAS

Mt Atlas (3020 m) (Fig. 3.4) rises 500 m above the Evans
Neve, It is a stratovolcano, consisting of three main cones,
each of which is represented by a crater (Nathan and Schulte,
1968), The oldest and largest cone (no., 1, Fig. 3.4) is
40,000 years old (Table 3.,1) and is composed of tristanite
(666)* and K-trachyte (667). The latter is exposed on the
north side of the crater as oxidised scoriaceous flows.
Plutonic xenoliths (663, 668) of essexite up to 0.4 m, but

*Sample numbers refer to the petrological collection, Geology
Department, Victoria University. All numbers are prefixed by
25 _; i.e. 666 is 25666. Sample numbers prefixed by P refer to
the petrological collection, New Zealand Geological Survey,
Lower Hutt.



TABLE 3,1
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Potassium-argon age determinations for Melbourne volcanic
province lavas.
No. Sample(a) Sample Description and Location () Mean Age(C)
Number , 6
10° years BP
1 25706 Peralkaline K-trachyte, south side Taygete 0.003+0,014
Cone, The Pleiades
2 P3708l Nepheline tristanite, Cone 2, 1.4 km west 0.012+0,04
of Mt Atlas, The Pleiades
3 25671 Trachyandesite dike on northwest side 0,02 *0,04
of Cone 3, Mt Atlas, The Pleiades
4 25666 Tristanite, Cone 1, 300 m west of Mt Atlas, 0,04 *0.05
The Pleiades
5 P35412 Glassy trachyandesite, west rim Mt Overlord 6.8 +0.14
caldera
6 P37085a Trachyandesite, west rim Mt Overlord 7.2 *0.14
caldera
7 P35413 Glassy trachyandesite, west rim Mt Overlord 8.1 #1,7
caldera
8 P34912 Trachyandesite, summit of Mt Melbourne 0.01 *0,02
9 P37175 Trachyte, 1 km west Mt Melbourne summit 0.08 *0.015
10 P34918 Trachyandesite; parasite cone north 0.25 *0,06
flank, Mt Melbourne
11 P35422 Trachyandesite; Baker Rocks 0.19 *0.04
12 P35425 Basalt; Baker Rocks 0,72 *0,10
13 MM1d Basalt; south of Willow Nunatak 2.4 *0,1
14 P35421 Basalt; Hades Terrace 4,3 *0,2
15 P35416 Basalt; Nathan Hills 18.0 0,7

(a) sample number prefixed by P refer to petrological collection of the

(b)

(c)

New Zealand Geological Survey, Lower Hutt;
Simon Nathan (N.Z. Geological Survey).

Victoria University Petrological collection.

MM is field number of
Unprefixed numbers are in the

All samples were collected by Simon Nathan except for samples 1, 3
and 4 which were collected by the author.

All determinations are unpublished results by Dr Richard Lee Armstrong,
formerly of Yale University, now at University of British Columbia,
Vancouver, Canada (see reference Armstrong, 1975),
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averaging 0.1 to 0.2 m in diameter, are scattered around the
rim of the crater.

Cone 2 (Fig. 3.4) is less well defined but exposures
along the western side indicate an alternating tristanite-
K-trachyte sequence. Tristanite (675) is overlain by K-trachyte
and this in turn by tristanite (661, 662, 673) and finally
K-trachyte (674), Nathan and Schulte (1968) have described
a nepheline tristanite flow (P37081 equivalent to 661) from
cone 2 with a 'streaked'! texture due to flowage or semi-
consolidated lava, K/Ar age determinations on the nepheline
tristanite give an age of 12,000+40,000 years (Table 3,1).

The youngest cone (no.3, Fig, 3.4) is composed of
tristanite (670), with a near circular unbreached crater. It
is cut on the western side by two near vertical trachyandesite
(671) dikes, which intrude through oxidised poorly bedded
tristanite agglomerate, One of the dikes gave a K/Ar age of
20,000+£40,000 years (Table 3.1),.

Nathan and Schulte (1968) suggest the two small undissected
cones 4 and 5 are the same age as cone 3 of Mt Atlas. The
southern cone (cone 4) has a crater 200 m in diameter and is
composed mainly of K-trachyte (665). The crater rim is however
capped by red oxidised and rare black unoxidised trachyandesite
(664) which shows a ropy texture. A few trachyandesite bombs
are scattered over the cone,

At the north-northwest base of Mt Atlas, Nathan and
Schulte (1968) have described a pattern of semi-circular
ridges (Fig. 3,6) which they state "appear to be the remnant
of an old trachytic stratovolcano which was presumably eroded
down to a low level and later planed off by moving ice".
However the ridges are composed of material like that forming
moraines the present author has seen in the McMurdo Sound area.
The surface of the ridges consist of slightly rounded well-
sorted pebbles and cobbles 0.01 to 0.2 m in diameter (Fig. 3.7).
The rock types are all volcanic but are diverse and cannot be
considered to be in place. The young age of The Pleiades gives
very little time for erosion to occur. Processes are also very

slow judging from the youthful appearance of 7 m.y. old Mt
Overlord (Table 3.1).



FIGURE 3.6 View of the semi-circular ridges of moraine at the
base of Mt Atlas.

FIGURE 3.7 Close up view of the moraine which makes up the semi-
circular ridges at the base of Mt Atlas.
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Several pebbles and boulders of tristanite in the moraine

are salt weathered and many have the underside coated with
carbonate.

ALEYONE CONE

Aleyone Cone*, 2 km north of Mt Atlas, is only slightly
lower in elevation than Mt Atlas, but much smaller in areal
extent (Fig, 3,4). On the east side, Aleyone Cone is nearly
completely covered in snow, while at the north end there is a
large slaggy scree composed of large blocks and bombs of
scoriaceous trachyandesite (703). This is only thin however,
and at the base of the slope and at the south end of the cone,
K—-trachyte (701, 702) underlies the trachyandesite. A poorly
defined crater breached to the east seems to be the source
of the trachyandesite; a thin (~1 m) trachyandesite flow
originating from the direction of the crater mantles the trachyte
near the summit.

About 100 m north of Aleyone Cone is a low horseshoe-
shaped crater (Crater 1, Fig. 3.4), breached to the northeast.
It is composed of K-trachyte (705) similar in composition
and probably similar in age to K-trachyte (701) from Aleyone
Cone. The trachyte is overlain by blocks and bombs, and to

the south-southeast by a l-m-thick scoriaceous flow of nepheline
benmoreite (704).

TAYGETE CONE

Taygete Cone* is an endogenous dome of peralkaline
K-trachyte (696, 698, 699, 706). It was probably emplaced in
part as a consolidated or semi-consolidated plug, as slickensides
are well-developed along the south flanks. Slickensides are
common within the cone, and this, together with the irregular

* Name submitted to the N.Z. Geographic Board for approval.
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structure and weakly developed flow banding indicates an
endogenous origin. A K/Ar age determination (Table 3.1),

on the trachyte (706) gives an age of 3,000 years, indicating
the cone is very young, possibly postdating Mt Atlas. Areas of
hydrothermal alteration 3 to 6 m in diameter appear to represent
the most recent activity associated with the cone. There are

at least 5 areas, each showing a zonal distribution of alteration.
The centres are white, strongly bleached, silicified sulphur-
coated trachyte. Around this is a zone of less altered hematite-
stained trachyte (probably a result of alteration of ferro-
magnesium minerals) and beyond this light grey weakly-altered
trachyte. The zonal arrangement and the occasional area of
strong alteration aligned with the slope suggest that the
alteration resulted from a hot spring, Salt weathering of

the unaltered trachyte is very common but the hydrothermally
altered trachyte shows none, indicating that the alteration

is probably recent,

A small semi-circular crater 100 m in diameter is super-
imposed on the eastern side of Taygete Cone. The crater is
mantled on the south and southwest rim by yellow nepheline
mugearite (700) agglomerate. Lava of similar composition to
that forming the agglomerate also overlies the trachyte on the
northern end of Taygete Cone and is probably the same age as
the agglomerate. The areas of hydrothermal alteration discussed
above may also be contemporaneous with the crater development
and associated agglomerate formation.

Northeast of Taygete Cone there is a larger mainly snow-
covered crater (Crater 2, Fig. 3.4). Only the east and west
sides of the crater rim are exposed, with rare outcrops.

Slope material suggests that the crater is composed of a light

~greenish-grey trachyte (692). This is cut on the west side by

a small nepheline benmoreite (690) dike, which may feed a few
thin nepheline benmoreite (691) flows. The benmoreite contains
abundant (1-3%) xenoliths of comagmatic(?) syenite and basement
granite. It is overlain by a dark trachyandesite(?). On the
northwest rim there is another small crater (Crater 3, Fig.

3.4) composed mainly of trachyte which is again overlain by
trachyandesite(?).
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To the north and west there are a further four eruptive
centres. Crater 4 (Fig. 3.4) is mainly snow covered with only
the east rim exposed. Although no outcrop occurs, slope
deposits indicate the crater is mainly light coloured pumiceous
trachyte (681) and peralkaline trachyte (680) which is overlain
by basanite (679), A small trachyte (678) flow occurs to the
east of crater 4,

Cone 7 (Fig. 3.4), an endogenous dome, is composed mainly
of nepheline benmoreite (683) which, like most of the other cones
and craters, is mantled by later basanite (682) lava and
pyroclastics. The basanite (682) forms a semi-circular crater
on the east side of cone 7.

The near circular crater 5 (Fig. 3.4) is the most northern
outcrop of The Pleiades. It is breached to the south, and
appears to be composed mainly of nepheline hawaiite (685).

Cone 6 (Fig. 3.4) and the slopes leading down to the
Mariner Glacier are strongly eroded K-trachyte (687) flows(?)
which show strong dog-kennel type salt weathering. The exposure
consists mainly of rubbly trachytic slope material containing
fragments of dark basaltic rock. Tristanite (688) pyroclastics
from an unknown source cover much of the upper part of cone 6.

STRATIGRAPHY

The limited exposure (Fig. 3.5) and diverse chemistry and
petrology (Chapter 7) make time relationships between the various
cones and craters of The Pleiades very difficult to determine.
All vents north of Mt Atlas, except crater 5, are composed mainly
of K-trachyte, peralkaline K-trachyte and tristanite which is
overlain by later basaltic and intermediate lavas and pyro-
clastics, Crater 5 is probably part of this final eruptive
episode. Mt Atlas shows 3 stages of development and erupted
alternately tristanite and trachyte lavas. K/Ar ages for
Mt Atlas of between 40,000 years and 12,000 years suggest it
predates at least the peralkaline K-trachyte of Taygete Cone
which has a very young age of 3,000 years. The error in the
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age determinations are however large and the uncertainties in
the determinations overlap. The ages do seem to fit the
stratigraphic sequence as inferred in the field and at least

~gives an indication of the youthfulness of the volcanism,

In conclusion, The Pleiades eruptive sequence is one in
which trachyte and salic differentiates are the initial
eruptive phase followed by more basic rocks. The sequence
appears to have repeated itself many times but because direct

correlation between cones cannot be made, the number of cycles
is unknown,

Mount Overlord

Mt Overlord (3396 m) (Fig. 3.8) has the appearance of a
young stratovolcano, but three K/Ar ages give a mean date of

FIGURE 3.8 BRerial view of Mt Overlord (3396 m) looking west towards

the head of the Rennick Glacier.
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about 7 m.y. (Table 3.1). This surprisingly old age indicates
the very slow rate of erosion, especially at high altitudes away
from major glaciers.

Gair (1964, 1967) was the first to visit and describe
the rocks from Mt Overlord. In a subsequent visit Nathan and
Schulte (1968) prepared a geological sketch map and gave thin
section descriptions additional to those given by Watters in
Gair (1967).

Mt Overlord has a wide (1 km) caldera which is best exposed
on the eastern side as a cliff of trachyandesite (717).
Exposures on the flanks are very poor but surface material
indicates the cone is composed predominantly of intermediate

and trachytic lavas.

Mount Melbourne

Mt Melbourne (2733 m), the largest volcano in the
Melbourne volcanic province, is situated between Terra Nova
Bay and Wood Bay (Fig. 3.3) on the northeast side of the
Campbell Glacier. It is active (Nathan and Schulte, 1967)
with areas of steaming ground and fumarolic ice features (Lyon
and Giggenbach, 1974).

K/Ar age determinations of between 0.01 and 0.25 m.y.
(Table 3.1), give only a general indication of events. A
parasitic cone on the north flank (Fig. 3.9) appears to be
a very young feature and certainly postdates the formation of
the summit lavas. However it has the oldest K/Ar ages, probably
because of a small excess of radiogenic argon.

A 2.4 m.y. age (Table 3.1) for S. Willows Nunatak (Fig.
3.3) suggests that volcanism continued for several million years
in the Mt Melbourne area. Baker Rocks to the north of Mt
Melbourne also gives two ages (0.19 and 0.72 m.y.), both older
than any from the upper slopes of Mt Melbourne.

A breached caldera about 1 km in diameter is the main
feature of the summit (Fig. 3.9). Two small craters with areas
of strong hydrothermal alteration and steaming ground are
superimposed on the south side of the caldera (Nathan and
Schulte, 1968).
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Exposure is very limited, with the snow-free slopes being
mainly scree and slope material. Oxidation has also affected
a high proportion of the rocks. On the north side of the
caldera a good section through the caldera wall shows old
trachyte (712) flows which are overlain by young trachyandesite
(713). Spindle-shaped trachyandesite (716) bombs up to 2 m in
length are common around the summit. A small parasitic
trachyandesite (714) cone on the north slope overlies older
trachyte (715). No basaltic rocks have been found on
Mt Melbourne, but at Baker Rocks, Nathan and Schulte (1968)
have described a sub-horizontal finely stratified basaltic
agglomerate (tuff). The basaltic nature of Baker Rocks suggest
it may be considered pért of the Local Suite rather than the
main Mt Melbourne centre,

Small Volcanic Centres

Small centres of the Central Suite are widespread in the
Campbell-Aviator Divide (Nathan and Schulte, 1968) and north
of the Mariner Glacier (Riddolls and Hancox, 1968) (Fig. 3.3).
The outcrops can be divided into cones where a recognisable
cone shape occurs, or mounds when only smears or patches of
scoria occur (Nathan and Schulte, 1968). With the exception
of trachyte at Navigator Nunatak and Surprise Hills all the
lavas are olivine rich basalts (basanites).

Riddolls and Hancox (1968) have described small mounds
of basaltic scoria (P34988) from the Malta Plateau. They believe
the low dome shape of the Malta Plateau may be due to a number
of coalescing shield volcanoes. From a distance the shape
resembles a low angle basaltic shield volcano, and contrasts
with the steeper intermediate and trachytic volcanoces of
Mt Overlord, Mt Melbourne and Mt Atlas. If so it is the only
major basaltic volcano in the Melbourne volcanic province.
Gair et al,, (1969) have indicated an extensive area of McMurdo
Volcanic Group rocks near Mt Phillips (Fig. 3.3). Brief
aerial reconnaissance and examination of oblique aerial
photographs have however failed to reveal extensive volcanic
outcrop in either the Malta Plateau or Mt Phillips areas. Until
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a ground survey or aeromagnetic survey is made, the presence

or absence of any major volcano east of The Pleiades (Fig. 3.3)
must be held in contention.

Two Local Suite basaltic lavas have K/Ar dates (Table 3.1)
of 4,28 m.y. (Hades Terrace) and 18.0 m.y. (Nathan Hills). Mr
Simon Nathan (personal communication, 1972) reports the cone
at Nathan Hills is extremely fresh and very young in appearance,
and consequently he strongly doubts the validity of the 18 m.y.
date. .

There is insufficient dating of the Local Suite lavas,
but it seems likely that there is little time difference between

the stratovolcanoces of the Central Suite and the basaltic
cones and mounds of the Local Suite,

Discussion

The Central and Local Suite of volcanics are probably each
associated with different structural features. Typically the
volcanics of the Local Suite occur as small outcrops and often
seem to be associated with small local faults. In several
places basaltic lavas are extruded along mylonitised fault
zones., The lavas are olivine rich (Nathan and Schulte, 1968)
and so may have risen rapidly from the mantle with only minor
upper crustal differentiation. If the magma had suffered
extensive differentiation the large amount of olivine would
have rapidly settled out. The Central Suite lavas contain
frequent cognate plutonic xenoliths. These indicate the Central
Suite volcanoes are underlain by magma chambers (Nathan and
Schulte, 1968), in which differentiation has resulted in the

range of intermediate and trachytic lavas. The volume of lava

in the Central Suite is many times greater than the Local Suite.
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Erebus volcanic province

Introduction

The Erebus volcanic province was proposed by Kyle and
Cole (1974) for all Late Cenozoic volcanics in the McMurdo
Sound area, south Victoria Land, Franklin Island and Beaufort

Island (Fig. 3.10). Hamilton (1972) and Kyle (1971)
independently proposed the names McMurdo Volcanic Province

and Ross Volcanic Province respectively for these volcanics.
However neither of these is here considered acceptable because
of possible confusion with the McMurdo Volcanic Group and the
James Ross Island Volcanic Group of the Antarctic Peninsula
area (Adie, 1969, 1972).

The main volcanic centres of Ross Island, Mt Discovery,
and surrounding areas are situated in front of the Transantarctic
Mountains at a point near a flexure in the trend of the range
(Fig, 1.2). Mt Discovery lies near the apex of the bend where
the Transantarctic Mountains change from a N-S trend to a
NE-SW trend. This is also one of the regions of greatest uplift
along the Transantarctic Mountains of Victoria Land, the Royal
Society Range having an average elevation of about 3800 m.

Smaller basaltic scoria cones and flows are scattered
over much of the Dry Valley area and along the foothills of the
Royal Society Range. These are probably distributed along small
local faults. The large volcanic centres along the coast,
however, are probably associated with major crustal faults
related to rifting (Kyle and Cole, 1974).

In this section the geology of Ross Island will be
described in detail. The areas surrounding Mt Erebus have
similar lithology and are described in the order, Cape Bird,
Cape Crozier, Hut Point Peninsula. A description of lavas at
Mt Erebus and Erebus Bay concludes the section.
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See Tables 3.2 and 3.3 for details and source of K/Ar age
determinations.
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A largé number of K/Ar age determinations have been made
(Tables 3.2, 3.3), mainly by Dr Richard Lee Armstrong, who
kindly provided his unpublished results. Many of the samples
from the main volcanic centres (Table 3.2) were provided by
the author to determine the volcanic stratigraphy and delineate
ages of individual volcanic centres, Samples from the Dry
Valley area and Koettlitz Glacier (Table 3.3) were, with one
exception, collected by U.,S, geologists from small basaltic
cones.

The ages show a range from 0.08 m,y. to 15.4 m.y. (mid-
Miocene), with the majority <5 m.y. Most of the main volcanic
centres seem to be active for 1 to 1.5 m.y. There is no obvious

pattern to the volcanism or evidence of a regular migration of
activity.

Correlation

Very little age overlap in activity between various centres
is apparent. It seems the volcanic vents act individually;
eruptive sequences cannot therefore be correlated between
centres. The formations proposed by Cole and Ewart (1968)
for eruptive events at Black Island, Brown Peninsula and Cape
Bird (Fig. 3.10) and extended to Cape Crozier, White Island
and Hut Point Peninsula by Cole et al., (1971) are not time
equivalents. Although the eruptive sequence of alternating
basanite and phonolite is very similar throughout the McMurdo
Sound area, each eruption is an independent event and should
not be correlated with events at other centres, Where
stratigraphic names are required informal sequence names
restricted to a volcanic centre are recommended (c.f. Hut
Point Peninsula, see page 43).
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TABLE 3.2 Potassium-argon age determinations for the main volcanic centres,

Erebus volcanic province,

. Sample s Material = e Mean Age (c)
No. Number(a) Location Dated (B) Reck Type and Occurrence 6 KeFeronce
10" years
ROSS ISLAND
22934 Cape Bird A; Cape Birxd WR Kaersutite phonolite flow 3.0 %0.15 i
22935 Alexander Hill; Cape WR Pyroxene kaersutite phono- 3.15%0.09 1
Bird lite flow
3 22932 Waipuke Beach, Cape WR Olivine augite basanite 3.7 %0.2 1
Bird flow
4 T15970 Summit Mount Bird WR Phonolite 4.5 *0.6 1
5 25778 The ¥Fang, Mt Erebus WR Porphyritic plagioclase 0.73£0.07 1
hawaiite flow
€ 25777 The Fang, Mt Erebus WR Porphyritic plagioclase 0.81*0.02 1
hawaiite flow
7 25728 Upper northern slope, WR Glassy anorthoclase 0.15%0.05 1
Mt Erebus phonolite flow 10.18%0.06
8 25728 Same sample as 7 Fsp Anorthoclase separate 0.20%0.07 1
Summit crater, Mt Erebus Fsp Anorthoclase phenocrysts; 0.44£0.09 1
lag gravel
10 T13170 Mt Erxebus WR Anorthoclase phonolite 0.45%+0.2 1
}0.5%0.14
11 T13170 Same sample as 10 Fsp Anorthoclase separate 0.55+0.15
12 Youngest flow, Cape Fsp Anorthoclase phonolite flow 0.58%0.14
Royds
13 22910 Youngest flow, Cape Fsp Anorthoclase phonolite flow 0.94%0.05 1
Barne
14 22909 Middle cone WR Aphanitic hawaiite flow 0.8 *0.2 X
Cape Barne
15 22907 West cone, Cape WR Aphanitic hawaiite flow 9.2 *1,2 3
Barne
16 22892 Black Knob, Hut Point WR Basanite; small scoriac- 0.43%0.07 5
Peninsula eous cone
17 22500 West of Black Knob, WR Olivine-augite basanite 0.57+0.03 5
Hut Point FPeninsula flow
18 22878 Half Moon Crater, Hut WR Augite kaersutite basanite 1.0 *0.15 5
Point Peninsula flow
19 22879 Castle Rock, Hut Point WR Olivine augite basanite 1.12+0.4 5
Peninsula dyke in hyaloclastite
20 Observation Hill, Hut WR Kaersutite phonolite 1.1810.03d 4
Peninsula
21 T14970 Mt Terra Nova WR Basanite 0,8 0.5
22 22976 Coastal cliff below Post WR Basanite flow 0.8 20.14 1
Office Hill, Cape
Crozier
23 22955 The Kneoll, Cape Crozier WR Phonolite flow 1.290.05
24 22943 Post Office Hill, Cape WR Phonolite flow 1.31x0,04 1
Crozier
25 22962 Topping Peak,Cape WR Kaersutite phonolite dike 1.71£0.3 3
Crozier
WHITE ISLAND
26 22989 North end, White Island WR Olivine augite basanite 0.17%0.1 3
flow
BROWN PENINSULA
27 21068 3 km west-northwest WR Kaersutite basanite flow 2.1 0.4 1
Mt Wise, Brown Peninsula
28 21094 1.5 km south-east of WR Olivine augite basanite 2.2 *0.09 1
Mt Wise, Brown Peninsula flow
29 21047 2 km north-east of Mt WR Kaersutite phonolite flow 2.25%0.05 1
Wise, Brown Peninsula
30 21001 Rainbow Ridge, Brown WR Kaersutite benmoreite flow 2.7 *0.09 1

Peninsula
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TABLE 3.2 Potassium-argon age determinations for the main volcanic centres,

Erebus volcanic province (continued).

No. Sample - - Material ) Mean Age c
Numger(a) Location pated (B) Rock Type and Occurrence 10 yea;s Reférénce
BLACK ISLAND
31 21208 3 km east Mt Aurora, WR Qlivine augite basanite 3.35%0.14 1
Black Island flow
32 21208 Duplicate analysis WR 8.2 *1.0 3
Sample 31
33 21205 2 km north-east Mt WR Pyroxene phonolite 3.8 %0.09 1
Aurora, Black Island
34 21205 Duplicate analysis WR 4.3 %0.5 3
Sample 33
35 212320 4.5 km south-east Mt WR Olivine augite basanite 10.9 0.4 1
Melania, Black Island
MOUNT DISCOVERY
36 T15170 Mt Discovery Fsp 5.3 %0.14 1
MOUNT MORNING
37 25800 2,5 km north of summit WR Phonolite cone 1.15%0.02 1
of Mt Morning
38 25799 4 kneast of Lake Morning WR Trachyandesite dike in- 15.4 *0.5 1
truding submarine basalts
FRANKLIN ISLAND
39 R2C Franklin Island WR Basalt 4.8 %2.0 1

(a)

(b)

(c)

()

Sample number refers to petrological collection at Victoria University of
Wellington unless prefixed by T or R in which case the samples were
collected by Dr S. B. Treves, University of HNebraska, and Mr Simon Nathan,
New Zealand Geological Survey, respectively.

WR = whole rock
Fsp = feldspar separate
References

1. Dr R. L. Armstrong (pers. comm.) formerly of Yale University,
now at University of British Columkia, Vancouver, Canada.

2. Treves (1967).

3. Unpublished results by Dr C. Adams (pers. comm.), Institute of
Nuclear Sciences, D.S.I.R., Lower Hutt.

4. Forbes, Turner and Carden (1974).
5. Kyle and Treves (1974c).

Mean of 3 analyses.



TABLE 3.3 Potassiuu-argon age determinations for sample of the McMurdo
Volcanic Group from Dry Valleys and Keoettlitz Glacier.
Sample Sample . _ . . Mean Age Reference
No. wimber Location Dated Rock Type and Occurrence 106 years (a)
WRIGHT VALLEY
1 LM3-3 W margin, Meserve Gla-~ WR Basanite cone 2,5+0.3 1
cier accumulation
basin
2 Lid-1l West side of Meserve WR Ilpine II moraine, 1 meter 3.4%0.6 1
Glacier depth. Basanite
3 LMJ-2 Sample as 2 WR Surface sample, basanite 3.4%0.1 1
. . ?Margin at =
1 S0
4 WV2E Wright Valley Bartley WR Rasanite 3.50=0.2 2
Glacier?
5 Wy3 Wright Vailey ?high on  yp  puganite 3.75%0.2 2
S wall?
6 LMJ-4 Second Loop cone, WR Basanite cone 4.2 £0.2 1
smaller and nore wester-
ly of two cones
7 27 Above Taylor Glacier WR Cinder cone partly dissected 1,53%0.06 2
8 22978 South side Lower Taylor WR Anorthoclase phonolite in 1.54%0.3 3
Valley moraine
9 26 Above Taylor Glacier WR Baganite lava cascade from  1.84%0.11 2
crest ridge
10 23 E. of Rhone Glacier WR Massive kasalt flow on 1.79%0.13 2
cinder cone
11 20 As 10 WR  Bomb on cinder cone 2,00:0,18
12 24 2bove Taylor Glacier WR Basalt flow capping till 1.9420,12
13 29 Above Taylor Glacier WR Basalt lava cascade from 2.0020,06
ridge crest =300 m from 9
14 Solas Glacier WR Basalt scoria pile that 2.3 0.8 4
antedates and postdates
local advances of glacier
15 Snout of Taylor Glacier WR Lateral Moraine; sample 2.6 0,2 4
from volecanie corplex up
valley
16 10 Solas Glaciler WR Basalt lava flow in front 2.66%0.06 2
of glacier
17 4 km east of Lake WR Basalt complex on a kedrock 2.8 0.2 4
Bonney bench
18 6 Marr Glacier WR Basalt lava on steep wall 2.87%0,15 2
below glacier
19 3 Hill below Marr Glacier WR Basalt flow 2.89%0.10 2
20 1 Probably same as 19 WR " " 2.9320.10 2
21 13 West of Solas Glacier WR Basalt dike on valley floor 2.95%0.07 2
22 10 Solas Glacier; same as WR Basalt lava flow in front of 3.00%#0.10 2
16 glacier
23 12 West of Solas Glacier WR Basalt lava on valley floor 3.11%0.09 2
24 16 Matterhorn Glacier WR  Basalt lava next to glacier; 3.33%0.10 2
near highest exposure
25 19 Near but upvalley from WR Basalt lava overlies till 3.38%0.14 2
Matterhorn Glacier
26 8 East of Solas Glacier WR Basalt dyke exposed by 4.5 0.7 2
erosion
27 7 East of Solas Glacier WR  Core of dyke or cinder cone; 4.6410.12 2

basalt



TABLE 3.3 Potassium~argon age determinations fov sample of the McMurdo
Volcanic Group from Dry Valleys and Keettlitz Glacier (continued)
Sample Sample Mean Age 5
No. Nunber Location Dated Rock Type and Occurrence 106 years Rer?z?nce
KOETTLITZ CLACIER
28 32 Pyramid Valley WR Basalt dome 0.0820.13 2
29 3ia L ® WR " b 0.22:0.12 2
30 3ib " o WR B 2 0.22:0.06 2
31 45 Canyon below Walcott WR Upper units of basalt lava 0.27+0.10 2
Glacier
32 44 n " n WR " n n " n 0'45:0.07
33 33 Pyramid Valley WR  Moderately glaciated basalt 0.71%0.16
cinder cone
34 50b Roaring Valley WR Basalt lava flow flooding 0.84:0.07 2
mouth of valley
35 50a ¥ " WR i 2 P " 0.90:0.09 2
36 47a o ¢ WR Domes in valley 1.12:0.14 2
37 48a = L WR L E i 1.25+0.10 2
38 47b " 4 WR " " n 1..35+0.20 2
39 66 Dromedary Platform WR Basalt 1.21+£0.09 2
40 46 Canyon kelcw Walcott WR Basalt lava flow 1.45:0.15 2
Glacier
41 40 Top of The Bulwark WR Basalt flow-overlies till 1.€5%0.3 2
42 30 N summit The Bulwark WR Basalt bomb 1.66£0.4 2
43 65 Dremedary Platform WR Basalt 1.68+0.08 2
44 35 Pyramid Valley WR Basalt lava tongue off The 1.83£0.09 2
Bulwark, palagontic tuff;
mantled by tuff
45 49%b Rearing Valley WR Basalt lava £flow down side 1.78+0.19 2
of valley
46 49a 2 L WR g # " " " 2.10x0.09
47 63 Dromedary Platform WR 2.44+0.16
48 36 The Bulwark WR Massive basalt flow exposed 2.,88:0.15
by erosion
49 37 Near tcngue of Koettlitz WR Massive basalt flow assoc- 13.2 0.4 2
Glacier iated with pillow
agglcmerate
50 73 Howchin Glacier WR 13.8 £0.2 2
(a) References

1) Fleck, Jones, Behling (1972).

2) Unpublished results by Dr R.
formerly cof Yale University;

Columbia, Vancouver, Canada.

L. Armstrong (pers. comm.)
now at University of British

3) Unpublished result by Dr C. Adams (pers. comm.); Institute

of Nuclear Sciences,

D.S.I.R., Lower Hutt.

4) Armstrong, Hamilton, Denton (1968).



36.

Cape Bird

INTRODUCTION

A 15 km ice-free strip of land paralleling the coast at
Cape Bird borders the west flank of the mainly snow-covered
Mt Bird. Mt Bird, a basaltic shield volcano, is circular in
plan with an average slope of about 11 degrees. Cole and
Ewart (1968) described the geology and mapped an alternating
basalt (basanite)~-trachyte (phonolite) sequence (Fig. 3.11),
which was correlated with three formations erected by them at
Black Island, A fourth formation, the Trachyte Hill Formation,
was named after rocks at Cape Bird. As discussed above, the
correlation of these formations away from their type location
is incorrect, so the names are not used at Cape Bird in this

account. The use of the Trachyte Hill Formation is also
discontinued,

AGE

Three K/Ar age determinations (Table 3.2; Fig. 3.11)
range from 3.0 to 3,65 m.y. and agree with the inferred
stratigraphy of Cole and Ewart (1968). An age of 4.5 m.y.

from Mt Bird (Table 3.2) indicates a minimum age for cone
building.

PALEOMAGNETISM

Paleomagnetic determinations identified one normal and
seven reversed sites (Appendix A ; Fig. 3.1l1). Pyroxene
trachyte at Alexander Hill is reversed and 3.15%0.08 m.y. old.
Within the one standard deviation uncertainty of the age, the
reversed polarity agrees with the paleomagnetic time scale of
McDougall and Aziz-ur-Rahman (1972). Polarity of the other

dated lavas also agree with the paleomagnetic time scale
(Fig, 3.11).
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VOLCANIC GEOLOGY

The geology of Cape Bird consists of basalt* flows
erupted from the Main Mt Bird Cone and later penetrated by
trachyte and basalt plugs and cones (Cole and Ewart, 1968).

Lavas of the Main Mt Bird Cone form a thick sequence of
flows which are best exposed along coastal cliffs. The flows
vary from about 10 m to less than 1 m in thickness and
typically have yellow oxidised scoriaceous tops. Three rock
units were recognised (Cole and Ewart, 1968), the youngest
an olivine-augite-plagioclase basalt has a K/Ar age of 3.65
m,y. The oldest, a hornblende-augite-plagioclase basalt, has
normal magnetic polarity and is older than 3.70 m.y. (Fig. 3.11).

Alexander Hill consists of the eroded remnants of two
complex trachyte-basalt cones in which Cole and Ewart (1968)
recognised four rock units (Fig. 3.11). Basalt is interbedded
in the trachyte with no evidence of lavas intermediate between
basalt and trachyte. Pyroxene trachyte is reversed and 3.15

m.,y. old (Table 3.2; Fig. 3.11).

Bright red scoriaceous olivine basalt, containing olivine
nodules, was erupted at Cinder Hill. It is overlain by black
massive olivine basalt flows, containing abundant olivine
nodules, these flows were probably erupted from each of the
ice-free areas (Cole and Ewart, 1968). Large crystals of gem-
quality olivine (peridot) are found associated with these
lavas.

The final events at Cape Bird were the eruptions of
trachyte cones and plugs at Trachyte Hill and Inclusion Hill.

Trachyte Hill lavas are the youngest and have a K/Ar age of
3,0 m.y.

Terminology of Cole and Ewart is used here. Analyses show the
basalts are basanites and the trachytes are phonolites, using

the classification adopted in this thesis. The hornblende
is mainly kaersutite.
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Cape Crozier

INTRODUCTION

Cape Crozier borders the east flank of Mt Terror as an
ice-free area 10 km long. Outcrop is distributed in a
triangular pattern with Cape Crozier the base and the summit
of Mt Terror the apex. Mt Terror is a basaltic shield volcano,
roughly circular in outline, with a slope of about 9 degrees.
Cole et al., (1971) mapped Cape Crozier and described an
alternating basalt (basanite)-trachyte (phonolite) sequence
which was correlated with formations proposed by Cole and Ewart
(1968) at Black Island and Cape Bird. This correlation is no
longer valid. K/Ar age determinations indicate the inferred
stratigraphy of Cole et al,, (1971) is also in error.

AGE

Four K/Ar age determinations (Table 3.2; Fig. 3.12)
range from 1,7 to 0.8 m.y. Topping Peak is 1.7 m.y. old,
the oldest cone at Cape Crozier, while Post Office Hill and
The Knoll are both very similar in age, 1.31 and 1.29 m.y.
respectively. A basanite flow exposed in the coastal cliffs
is the youngest dated feature at 0.8 m.y.

VOLCANIC GEOLOGY

The geology of Cape Crozier and the slopes of Mt Terror
consist predominantly of early basaltic eruptions of lava and
pyroclastics which built up the shield volcano of Mt Terror.
This early basaltic material is well exposed in the coastal
cliffs north of The Knoll (Fig. 3.12). Later activity has
peppered the east flank of Mt Terror (and presumably the other
flanks, but these are snow covered) with small basaltic cones
and phonolitic cones and plugs, the latter appear to have
formed by endogenous growth. The cones are too numerous to
describe individually and the area too great to map in detail.
Based on close-support helicopter reconnaissance the cones on



FIGURE 3.12 Geological sketch map of Cape Crozier.
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the upper slopes of Mt Terror have a similar geomorphic
appearance and are similar in rock type to the cones mapped
at Cape Crozier. The eruptive history of Cape Crozier is
therefore believed to be representative of that of the flanks
of Mt Terror,

The steep coastal cliffs, best exposed north of The Knoll,
are olivine-augite basanite flows with interbedded volcanic
breccia and some tuffs. At the base of the cliffs the lavas
originate from the flanks of Mt Terror, while these are often
overlain by younger flows and pyroclastics from small vents
at Cape Crozier, Rare dikes indicate local vents for some
of the lavas,

Kaersutite phonolite lava from the summit of Topping Peak
is 1.7 m.y. (Table 3.2; Fig. 3.12); thus indicating a
minimum age for the coastal basaltic lavas. On the east
flank of Topping Peak erosion has exposed a section of, from
the base upwards, olivine—augite basanite, trachybasalt,
plagioclase trachybasalt and kaersutite phonolite (Fig. 3.13).
Although no chemical data is available, petrography indicates
the lavas are a differentiation sequence. Kaersutite phonolite
flows which mantle the summit and western flank of Topping
Peak are fed by at least four irregular dikes.

Post Office Hill (402 m) is a steep-sided kaersutite
phonolite cone, which probably formed by endogenous growth. It
has a K/Ar age of 1.31 m.y. (Table 3,2; Fig. 3.12). Cole
et al., (1971) recognised three main rock types on colour and
phenocryst variations. Chemically the lavas are very similar
(see Table 7.9 and Chapter 7).

The Knoll (372 m) is another steep-sided cone and is
composed of pyroxene (aegirine-augite) phonolite. The lavas
at Kyle Peak are identical to those at The Knoll and were
probably erupted at or about the same time. At Kyle Peak,
kaersutite basanite underlies the phonolite, while at The Knoll
two flows of olivine-augite basanite mantle and phonolite.

The Knoll basanite flows were erupted from a small circular
crater near the sumit,
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Olivine-augite basalt similar to that at The Knoll
appears to be the final eruptive product at Cape Crozier. It
forms a large strongly oxidised scoriaceous cone at Bomb Peak

and numerous other outcrops in the Cape Crozier area (Fig. 3.12).

Hut Point Peninsula

INTRODUCTION

Hut Point Peninsula is about 20 km long and 2 to 4 km
wide. It consists of a series of en echelon lines of volcanic
cones that extend in a south-southwest direction from Mt Erebus
(Fig. 3.10). The cones are composed of basanite and basanitoid
lavas with lesser amounts of hawaiite and phonolite. Most of
the volcanic cones of Hut Point Peninsula are on the western
side of the peninsula where they constitute a well defined
lineament. A subparallel, older and less well defined
lineament occurs to the east and is traceable from a point
just east of Castle Rock to Cape Armitage (Fig. 3.14). The
youngest lineament, however, is transverse, from Black Knob
through Twin Crater to Crater Hill, Wellman (1964) describes
it as a fault,

Cole et al., (1971) and Kyle and Treves (1973) briefly
describe the geology of Hut Point Peninsula. This updates
and expands those earlier reports. The results discussed below
have been reported by Kyle and Treves (1974c).

CHRONOLOGY AND STRATIGRAPHY

The volcanic sequence at Hut Point Peninsula is inferred
from geologic mapping, K/Ar dates, paleomagnetism and geomorphic
evidence., The surface flows have been divided into five
informal sequences. An earlier, preliminary eruptive sequence
(Kyle and Treves, 1973) has been modified to accord with
analytical data. K/Ar age determinations (Table 3.2) indicate
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that the volcanic activity that built Hut Point Peninsula

occurred over a period ranging from 0.4 to more than 1.2 m.y.
ago,

Crater Hill sequence

The Crater Hill sequence is the oldest and consists of
olivine-augite basanite. These lavas show a moderate amount
of erosion and are overlain by phonolite lavas of the
Observation Hill sequence at The Gap and at Cape Armitage
(Fig, 3,14), Crater Hill lavas are normally polarised (Appendix
A; Fig, 3.14), Since they arxe older than the reversed lavas,
1.18 m,y. old at Observation Hill, they may have been erupted
during the Gilsa Event (Fig. 3.15).

Observation Hill sequence

The Observation Hill sequence (Fig. 3.14) consists of
kaersutite phonolite and older nepheline benmoreite-nepheline
mugearite lavas. The latter have little surface expression
but are abundant subsurface, as shown by cores from DVDP
holes 2 and 3 (Kyle and Treves, 1974a). A K/Ar age of 1.18 m.y.
(Table 3.2) for the phonolite is consistent with the reversed
magnetic polarity (Appendix A).

Castle Rock sequence

The Castle Rock sequence consists of olivine-augite
basanite hyaloclastite outcropping at Castle Rock and Boulder
Cones. A K/Ar age of 1.12 m.y. (Table 3.2) was determined on
an olivine-augite basanite dike at Castle Rock, which was
probably a feeder at the time of the hyaloclastite formation.
Hyaloclastite at Boulder Cones underlies the augite-kaersutite
basanite at Half Moon Crater, and therefore must predate it.

Aeromagnetic surveys (McGinnis, 1974 personal communication)
show Castle Rock as a positive anomaly possibly indicating
eruption in time of normal polarity. This suggests eruption
in the Jaramillo Event (0.89 to 0.95 m.y. ago), similar to
the Half Moon Crater sequence.
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Half Moon Crater sequence

Augite-kaersutite basanite from Half Moon Crater (Fig.
3.16) has been K/Ar dated at 1.0 m.y. (Table 3.2) and shows
normal magnetic polarity (Appendix A; Fig. 3.14). It is
suggested that the Half Moon Crater volcanism occurred during
the Jaramillo Event (06.89 to 0.95 m.y.) (Fig. 3.14).

Twin Crater sequence

The Twin Crater sequence consists of the younger olivine-
augite basanite (Fig, 3.14) which shows little erosion and has
normal magnetic polarity (Appendix A). Black Knob lavas are
0.43 m,y. (Table 3.2) and are probably the youngest volcanic
rocks of the area (Wellman, 1964). The paleomagnetic data
and the age determinations indicate the rocks of this sequence
were erupted between 0,43 and 0,69 m.y. ago.

Paleomagnetic measurements (McMahon and Spall, 1974a) and
petrographic examination (Treves and Ali, 1974) of DVDP 1 core
show the normally polarised olivine-~augite basanite of Twin
Crater is only superficial and is underlain by reversally
polarised kaersutite bearing lavas.

Dry Valley Drilling Project Holes 1, 2 and 3

Details of the geology and petrography of three holes
drilled at Hut Point Peninsula by the Dry Valley Drilling
Project (DVDP) (McGinnis et al., 1972) are given elsewhere

(Treves and Kyle, 1973a, 1973b; Kyle and Treves, 1974a, 1974b;
Treves and Ali, 1974; Kyle, 1974a).

Erebus Centre

INTRODUCTION

The area which includes Mt Erebus and its flanks and the
Dellbridge Islands is referred to as the Erebus centre. It is
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dominated by Mt Erebus (Fig. 3.15) which rises to 3799* m.
Young flows with distinct levees are well exposed on the
steeper upper slopes of the volcano. Exposure around the
flanks of the volcano is limited and good outcrop is restricted
to the coastal areas of Capes Royds, Barne and Evans and the
Turks Head area (Fig. 3.15).

Lavas from the Erebus centre are distinctive with a
predominance of anorthoclase phonolite (kenyte) and porphyritic
plagioclase-rich lavas (nepheline hawaiite and nepheline
mugearite), Other lava types are rare, This contrasts with
the surrounding areas of Ross Island which are predominantly
olivine~augite basanites with minor kaersutite and pyroxene
phonolites (mineralogically unlike the anorthoclase phonolite
of Mt Erebus).

The oldest available K/Ar age determination for the centre
is 0.95 m.y. and it is likely that all activity from the centre
has taken place in the last 2.0 m,y. Mt Erebus is still active
and the summit crater contains a small lava lake.

AGE

Twelve K/Ar age determinations of Erebus centre lavas are
available (Table 3.2). The oldest dated lavas, 0.8 and 0.94
m,y. are from Cape Barne. An age of 9.2 m,y. (Table 3.2 no. 15)
is considered unrealistic and in conflict with the other two
dated samples above. There is no geomorphic or geological
evidence to support such an old age and it is therefore not
regarded as the time of crystallization of the lava.

- Porphyritic plagioclase hawaiite flows at The Fang have
a mean age of 0.77 m.y., based on two determinations. This is
considerably older than samples from the upper slopes of
Mt Erebus which are all younger than 0.5 m.y. (Table 3.2).

*
New height determination by J. Rothery and J. Williams of
New Zealand Department of Lands and Survey, December 1974,
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DELLBRIDGE ISLANDS

The field geology and physiography of the Dellbridge
Islands (Fig, 3.15) is discussed in detail by Debenham (1923)
and summarised by Smith (1954). Porphyritic andesine-bearing
nepheline hawaiite and nepheline mugearite lavas predominate,
although rare phonolite is also present, Anorthoclase phonolite
(kenyte) is absent in outcrop, although ice-rafted erratics do
occur,

Inaccessible Island, the most northerly in the group, is
composed of many irregular flows that dip from 10° to 30° to
the north and northeast. These are well exposed in coastal
cliffs along the south side of the island, but the dip slope
on the northern side 1is scree covered. Agglomerate and
tuffs are the oldest exposed material and are also commonly
Arkarhaddad piikbh flawe,  Highls dwxwamlar nlnoe of gorprhy e

plagioclase hawaiite and mugearite intrude the flows at the

east end of the island. The basal lavas, about 60 m thick,

are fine grained, of intermediate and phonolitic (745) composition.
These are overlain by about 60 m of porphyritic andesine-rich
nepheline mugearite (742).

Tent Island (Fig. 3.15) is about 1 km south of Inaccessible
Island. The lower part of the island is composed mainly of
pyroclastics which are well exposed around the coast. Flows
of porphyritic andesine nepheline mugearite (747, 748), cap
the island and also are occasionally exposed along the coast.
The flows in general dip about 10° eastward. Along the east
side of the island there is good exposure which shows massive
unbedded agglomerate and volcanic breccia. Bombs and bloccks
of porphyritic mugearite averaging 0.2 to 0.4 m but occasionally
1.5 m in diameter, are welded in a light brown ash and lapilli
matrix,

Big and Little Razorback Islands appear to be part of the
same structure and probably represent part of a now eroded cone
(crater) that had a centre to the east of the islands. On Little
Razorback Island 15 to 20 flows range from 1 to 5 m thick, each

flow is separated by a distinct, rubbly, scoriaceous zone. The
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flows dip to the northwest, Weakly porphyritic andesine-
pyroxene (751, 752) and strongly porphyritic andesine
(753) intermediate rocks occur. Big Razorback is similar in
form to its smaller counterpart and is composed of numerous
thin flows of fine-grained nepheline mugearite (749, 750)
lavas, At the southwestern end of the island a turret-shaped
intrusive body probably represents a vent., Most of the flows
on the island originate from the east.

Lavas from the Dellbridge Islands are of unknown age and
may represent the oldest vents in the Erebus centre. Certainly

they have been moderately eroded and their eruptive vents are

now below sea level, Because the islands are subject to marine

erosion an age of <2.,0 m,y. is inferred. At Cape Barne hawaiite

cones <1 m.y, in age are strongly eroded, indicating the
erosional power of the sea.

TURKS HEAD AND TRYGGVE POINT

These two distinct promontories, on the coast, south

southwest of Mt Erebus (Fig, 3.15) are composed of hyaloclastite,

pillow breccia and palagonitic tuffs. Luckman (1974) described

the geology and believed the hyaloclastites are a product of
both submarine and subglacial eruption. Porphyritic andesine-

rich nepheline hawaiite is the main rock type. The rocks are of

unknown age but are considered to be about the same age as the

Dellbridge Islands. Anorthoclase phonolite lavas from Mt Erebus

overlie the hyaloclastite at Turks Head.
CAPE EVANS

The geology of Cape Evans (Fig, 3.15) has been described
by numerous early workers and is summarised by Smith (1954).
Anorthoclase phonolite is the only rock seen in place, and forms
two flows which reach up to 15 m in thickness (Treves, 1962).
The flows originate from the direction of Mt Erebus.

erratics of a variety of volcanic rock types litter the surface

and form debris mounds inuﬁygnp*of the Barne Glacier,
WA

Numerous
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CAPE BARNE

Three small fine-grained hawaiite cones, K/Ar dated at
0.8+0.2 m.y. (Table 3.2) occur in a line along the south coast
at Cape Barne. The cones are of similar composition and
appear to have been erupted at about the same time. Erosion
has removed over half of the west cone, exposing the consolidated
central feeder vent, which now forms the striking Cape Barne
pillar, Flows within the cone can be seen radiating out from
the pillar, which is composed of volcanic breccia, massive
hawaiite and cut by several dikes. The cones themselves are
built of pyroclastics; mainly volcanic breccia and agglomerate,
with thin interbedded flows,

Two flow banded anorthoclase phonolite flows, younger than
the basalt, make up the remaining area of Cape Barne. The younger
flow has a K/Ar age of 0.94%0,05 m.y. Locally the flows thicken
to over 20 m and appear to follow irregularities in the terrain,
that existed prior to their eruption. Where the flows have
travelled down valleys or depressions, well developed radial
joint patterns occur (Fig. 3.16). From a distance the pattern
suggests a volcanic dome,but on closer inspection, the flow
alignment of the large anorthoclase phenocrysts, and the
obvious lateral extent of the lava shows it originated as a flow.
The source of the flows is in the direction of Mt Erebus.

Above Cape Barne, about 250 m above sea level, is a 6 m
high K-trachyte mound, Mt Cis. This small outcrop has received
attention because it contains sandstone xenoliths (Thomson, 1916)
believed to be of Beacon Supergroup sediment. The xenoliths
indicate down-faulted rocks, similar to those in the Trans-
antarctic Mountains, underlying Ross Island and McMurdo Sound.
The chemistry of Mt Cis K-trachyte is unusual in having very
low alkalis and high silica content in comparison to other

McMurdo Sound lavas, but this may be due in part to contamination
by the xenoliths.




PIGURE 3.16

Anorthoclase rhonolite lava flow, on the west side
of Deep Lake, Cape Barne, showing radial joint pattern.
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CAPE ROYDS

Three anorthoclase phonolite flows are exposed along the
coast at Cape Royds. The youngest flow is 0.68%10.14 m.y.
(Table 3.2) (Treves, 1967) and therefore younger than the
flows at Cape Barne, to the south. Early workers (summarised
by Smith, 1954) have described in detail the geology and rocks
at Cape Royds,

Many small outcrops above Cape Royds, on the slopes of
Mt Erebus have been described by early workers to be anorthoclase
phonolite cones, Most of the outcrops are in fact small debris
cones (resulting from glacial action) or lava flows from higher
up the mountain. No source for the flows at Cape Royds or
Cape Barne were found. Anorthoclase phonolite lava probably
has a high viscosity (in the order of 104 to 105 poise), and
therefore are unlikely to flow for long distances down low
slopes. It is therefore difficult to imagine the thick flows
at Cape Royds and Cape Barne being erupted from the present
position of Mt Erebus, 20 km away. Walker (1973) has however
suggested that provided sufficiently large volumes of magma
are erupted, thgnkﬁghh(viscous flows can travel large distances.
Until further evidence is found it is assumed that the flows
along the coast of Mt Erebus were erupted from a vent that is
now overlain by the younger lavas of Mt Erebus.

MOUNT EREBUS

Fang Ridge

Fang Ridge (the summit, called The Fang, is 3159 m above
sea level) is a prominant feature paralleling the northeast
slope of Mt Erebus, but separated from it by the Fang Glacier.
The north and northeast slopes have an average dip of over
45 degrees and are composed of scree and ribs of rubbly flows
and pyroclastics. The Fang Glacier side of the ridge has
steep, in places vertical, cliffs greater than 150 m in

height. Large, deep windscoops separate the glacier and ridge
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making access to the ridge difficult.

Fang Ridge is 4 km long and trends in a northwest-southeast
direction. It consists of thin bedded tuffs and agglomerates
with scoriaceous flows and is intruded by thin (1-3 m) ramifying
dikes., The dikes are contemporaneous with the uppermost flows
and probably acted as feeders. Irregularities in the bedding
of the tuffs and small (0.5 m) faulted offsets seen in some
dikes suggest post-depositional consolidation and compaction.
The lavas are strongly porphyritic and commonly show good flow
banding of the andesine phenocrysts. Chemically the lavas can
be classified as nepheline hawaiite and nepheline mugearite.
Olivine basalt has been reported (Smith, 1954) from the lower
west end of Fang Ridge, but it was not found in the upper part
of the ridge.

Two samples have K/Ar ages of 0.73 and 0.81 m.y., (Table 3.2),
in agreement with the samples' relative stratigraphic positions.
Debenham (1923) regarded Fang Ridge as a huge remnant
of the oldest crater rim of Mt Erebus. Certainly it represents

part of an old cone, most of which is either covered by the
younger flows of Mt Erebus or eroded away, but it is more likely
that Fang Ridge was a vent on the side of a juvenile Mt Erebus.
The lavas of Fang Ridge are similar to those at Turks Head

and Tryggve Point, but more age determinations are required
before any genetic comparisons can be drawn between the two
localities.

Lower Slopes

The slopes of Mt Erebus from 1800 m to the caldera rim at
about 3000 m are made up of numerous sinuous, irregular rubbly
anorthoclase phonolite flows. They are 20 to 70 m wide and
usually have well developed levees up to 4 m high, which
clearly mark the path of the flow. Collapsed lava tunnels
are apparent in places. In most cases the flow itself is
covered in snow with only the levee remaining visible. Rarely
when the flows are seen their thickness is variable but they
usually have a glassy crust 0.2 m thick, underlain by very
scoriaceous or vesicular lava.
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A young flow on the north side of the upper slopes of
Mt Erebus has a K/Ar age of 0,18 m.y. (Table 3.2), which gives
an indication of the young age of most of the flows.

Mt Erebus has at least 5 small parasitic vents (excluding
the larger Fang Ridge), around its lower flanks. A few small
cones are seen low on the slopes of Fang Ridge, these are
considered to be part of the Fang Ridge structure rather than
Mt Erebus. The 5 cones are Abbotts Peak, Hoopers Shoulder and
the Three Sister Cones (Fig. 3.15).

The Three Sister Cones are all less than 50 m in height and
extend in a southwest line; each vent is separated by about
100 m, Hoopers Shoulder is very distinct as a black cone on the
west flank, rising about 100 m above the surrounding slopes.

All 4 vents are composed of black, glassy, porphyritic
anorthoclase phonolite which is extremely fresh in appearance
and obviously very much younger than the Mt Erebus lavas. The
viscosity of the lava was so high that ropy flows 1 m thick,
have consolidated half way down the steep walls of Hoopers
Shoulder. There is no evidence of any explosive activity
associated with any of these vents. The flows forming the cones
are extremely irregular and ropy in appearance.

Abbott Peak (1793 m) consists of nepheline mugearite flows
that mantle a cone which formed in the main by endogenous growth.

Summit Area

A 4 km wide caldera with its rim at about 3200 m (a.s.l.)
forms the summit area. The caldera rim is marked by a change in
slope from the steep upper flanks to a gently sloping summit
plateau, Only rarely is the caldera rim exposed. Younger
flows, small cones and the present active cone overlie the rim
to the south (Fig. 3.17). The summit plateau is mainly a
chaotic jumble of large sheets of anorthoclase phonolite flows
which show no flow orientation, and possibly formed as a skin
on lava pools, Subsequent movement of the underlying magma
could account for their jumbled appearance and unusual
orientation. Fumerolic ice towers and areas of warm ground are
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FIGURE 3.17 sketch map of the summit region of Mt Erebus.

Drawn by Harry Keys (Victoria University).
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scattered around the summit area (Lyon and Giggenbach, 1974).

The summit crater is elliptical ~500 m in diameter east-
west and ~600 m north-south (Fig. 3.18). A small dormant
crater (Side Crater, Fig. 3.18) on the south flank of the summit
crater is described by Beck (1965). The main Mt Erebus crater
floor is ~160 m below the summit, and at the north end the
circular Inner Crater, ~250 m in diameter, is a further ~100 m
below the main crater floor. A northeast-southwest ridge
divides the inner crater in half. In December, 1974, a lava
lake filled most of the north side of the inner crater. The
southern half was covered with snow, sublimates and large bombs
erupted from a ~25 m wide vent (called the Active Vent) on the
southeast quadrant of the inner crater (Fig. 3.18). High
pressure and temperature fumaroles are confined to the southern
side of the inner crater. The main crater floor appears to be
a frozen lava lake. Collapse along semi-circular faults has
produced a 8 m scarp at the southern end of the floor.

The cone is built up of anorthoclase phonolite flows with
minor interbedded pyroclastics. Volcanic breccia mantles the
north and south crater rim.

Geologic History

The following is an attempt to reconstruct the history of
Mt Erebus. It is speculative and based mainly on observations
from the few outcrops described above and available K/Ar age
determinations.

1) The oldest events can only be inferred and must predate
the 0.94 m.y. anorthoclase phonolite lavas at Cape Barne.
Seismic profiling (Northey et al., 1975) has indicated a thick
sequence of Tertiary sediments in McMurdo Sound which underlie
Ross Island. DVDP holes 1 to 3 (Treves and Kyle, 1973a;

Kyle and Treves, 1974a) have shown that eruptions about 1 m.y.
ago were subaerial, for at least 120 m below present sea level,
and that these overlie a hyaloclastite pedestal.

Therefore under Mt Erebus hyaloclastites sit on Late

Cenozoic sediments, these in turn are overlain by subaerial
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crater of Mt Erebus.
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flows which extend from about 120 m below present sea level.

2) The oldest recorded event is the eruption of thick
flows of anorthoclase phonolite, 0.94 m.y. ago, at Cape Barne.
The volume of lava requires a major vent and because of the

wide apron of the flows along the coast and their thickness,
it may have been a fissure eruption.

3) A volcano, the remnants of which now form Fang Ridge,
developed next, beginning prior to 0.81 m,y. and ceasing shortly
after 0.73 m.y. ago. The formation of Fang Ridge is difficult
to determine without knowing the full extent of this volcano.
Although Fang Glacier now occupies a large part of where the
former volcano was situated, erosion of the cone by ice is
unlikely, because the frozen bases of polar glaciers have
little eroding power. Fang Volcano may therefore have collapsed
forming a caldera, of which Fang Ridge is a remnant, or it may
have been blown apart by an eruption. The latter suggestion is
unlikely because of the lack of any tephra that would be
associated with such a large eruption. Fang Ridge is situated
high (2000 to 3000 m) on the flank of Mt Erebus indicating that
by 0.8 m.y. ago the wide lower flanks of Erebus were formed.

4) Eruptions of thick anorthoclase phonolite flows, which
commenced eruption prior to 0.94 m.y. ago, probably ceased with
the youngest flow, dated at 0.68 m.,y., at Cape Royds. Mt Erebus
was continuing to grow. Aeromagnetics (McGinnis et al., 1974)
show Mt Erebus as a large positive anomaly, thus indicating a
high proportion of lavas younger than 0.69 m.y.

5) Erebus continued to grow during the Brunhes Normal
Polarity Epoch (<0.69 m.,y.), building the upper part of the cone.

Flows were probably smaller and shorter and confined to the upper
slopes of the volcano.

6) A change in the style of volcanic activity began with
the formation of a summit caldera, which filled with lava prior
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to 0.20 m.y. ago. Small vents covered the south end of the

caldera rim and young flows, dated at 0.2 m.y., were extruded
over the flanks of the old cone.

7) The present summit cone developed probably in the

last 0.1 m.y. or so. Parasitic cones, Hoopers Shoulder and

Three Sisters Cones were erupted during this period.

8) The latest recorded event was the formation of a

lava lake sometime between 1971 and November, 1972 (Giggenbach

et al., 1973); no doubt lava has been present at other times

in the last few thousand years (c.f. Ross, 1847). 1In December

1974 the lava lake had expanded in size and the associated

strombolian eruptions were throwing bombs onto the upper
slopes of the cone.

9) During the development of Mt Erebus and Ross Island,
and probably still continuing, subsidence due to isostatic

loading occurred, so forming a moat around the island (McGinnis,
1973; Northey et al., 1975).
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INTRODUCTION

Active volcanism in East Antarctica
occurs mainly in two regions: on Mount
Erebus, a constantly steaming volcano on
Ross Island, and on Mount Melbourne, in
Northern Victoria Land, where fumarolic
activity has been observed by Nathan and
Schulte (1967).

In the Southern Hemisphere during the
summers of 1972 and 1973, members of
the New Zealand Antarctic Research Pro-
gramme spent 2 wk camped near the sum-
mit (3,794 m) of Mount Erebus. This re-
port presents observations made then, and
later by one of us (P.R.K.) during other

‘ visits.

PREVIOUS REPORTS

On January 27, 1841, Sir James Ross
sighted the mountain and named it after
his ship Erebus. On the following day, he
reported that the volcano “‘was emitting
smoke and flame in great profusion,” and
that a ““bright red flame filled the mouth
of the crater; some of the officers believed
they could see streams of lava pouring
down its sides” (Ross, 1847).

David and his party, in March 1908,
made the first ascent of Mount Erebus
(Shackleton, 1909; David and Priestley,
1909, 1914), and observed three well-like
steaming openings at the bottom of the
crater. Infermittent roaring noises from
the depths of the crater indicated strong
fumarolic activity (David and Priestley,
1914). Later in 1908, steam eruptions
were frequently observed from the expedi-
tion base at Cape Royds, 22 km from the
summit. Strong outbursts of ash and
steam, lit up from below by a bright-red
glow, were seen on June 14, 1908, indi-
cating that there was molten lava in the
crater at that time.

During David’s second ascent, in Decem-
ber 1912, the crater floor was obscured by
steam, but an eruption occurred while the
party was near the summit (Priestley, 1913,
1962). Blocks of pumiceous lava, contain-
ing Pele’s hair, were thrown up during the
loud explosions. No activity at all was ob-
served in January 1924, but during Janu-
ary 1935, the crater was reported to show
the usual vapor plume (Berninghausen and
van Padang, 1960). Eruption of lava may
possibly have occurred in 1947, also
(Hantke, 1951).

A third ascent was made in January
1959, but Beck (1965), in describing the
summit regions, recorded no eruptions.

A glow, however, had been reported in
1957 and 1958 by observers in aircraft
(D. C. Thompson and G. Warren, personal
communs.); high temperatures were noted
by Burge and Parker (1969) after an aerial
infrared survey. No lava lake was observed
during two brief visits to the crater rim
on January 3 and 5, 1972; steam, how-
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ever, prevented a complete view of the
inner crater. The fumarolic activity was
similar to that encountered in January
1973: strong hissing sounds were emitted
from unidentified vents within the inner
crater. Photos taken during the 1972
visits showed a small, dark band of ash
extending from the inner crater to the
southwest along the main crater floor,
indicating that explosive activity was oc-
curring at that time.

GENERAL DESCRIPTION OF
SUMMIT AREA

Mount Erebus, the most active volcano
on the Antarctic continent, is the largest
of the four volcanic cones that form Ross
Island (Fig. 1). Reports of the elevation
of the highest point on Mount Erebus,
located on the southeast part of the main
crater rim, are conflicting. A height of
3,794 m for the summit, as reported by
Warren (1969), is adopted here.

The cone, which is now active, rises
200 to 300 m above the southern half of
the summit plateau, bordered by the rim
of a filled-in older crater or caldera (Fig.
2). The height of the relatively even and
almost circular main crater rim varies be-
tween 3,720 and 3,794 m; the diameter
is 500 to 600 m. The floor of the main
crater lies ~ 150 m below the summit and
probably represents the surface of a fro-
zen lava lake. Withdrawal of the lava col-
umn feeding this lake is presumed to have
caused the semicircular fault that dissects
the main crater floor (Beck, 1965). Fur-
ther collapse caused the formation of the
cylindrical pit of the inner crater,~100 m
below the main crater floor and ~200 m
in diameter (Fig. 2). In the top third of
the vertical, and, in places, overhanging
wall of the inner crater, the solidified
layers of the old lava lake are exposed.
An east-west ridge, studded with fuma-
rolic vents, divides the floor of the inner
crater into two distinct parts, with most
of the activity concentrated in the north-
ern half, at the foot of the main crater
wall; only a few weak fumaroles are scat-
tered over the snow-covered southern
half.

The predominant rock type on Mount
Erebus, and the only one outcropping in
the summit area, is anorthoclase phono-
lite (Antarctic kenyte; see Smith, 1954).
It is characterized by large (up to 10 cm
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long) anorthoclase phenocrysts in a gen-
erally glassy groundmass containing
microphenocrysts of olivine, augite,
opaques, and occasional incipient nephe-
line.

K-Ar ages (Treves, 1967; R. L. Arm-
strong, personal commun.) indicate that
Mount Erebus and lavas originating from
it have been erupted from 1 to <0.15
m.y. ago. No age determinations have
been made for lavas from the youngest
craters, but these are probably younger
than 0.15 m.y. Aeromagnetic studies
(McGinnis and Montgomery, 1972) show
Mount Erebus as a single, broad, positive
magnetic anomaly of 5,000 v, indicating
formation of the main cone in a period
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Figure 1. Map of Ross Island, showing
Mount Erebus and surrounding volcanoes;
altitudes in meters.
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Figure 2. General view of summit area of
Mount Erebus. (Photograph provided by the
U.S. Navy.)

of normal magnetic polarity which K-Ar
ages show to be the Brunhes period which
began 0.69 m.y. ago (Cox, 1969).

PRESENT VOLCANIC ACTIVITY

Thermal activity outside the inner
crater consists exclusively of gentle
emission of steam from patches of warm
ground or fumarolic ice towers; high-
temperature activity is restricted to the
northern half of the inner crater, where
incandescent material was observed in at
least four areas. A permanent glow was
emitted from roughly circular vents on
several hornito-type cones with diameters
of 2 to 3 m, in the broken crust of what
appeared to be a partly frozen lava lake,
and an intermittent glow came from two
active lava pools 20 to 30 m in diameter.
During frequently observed quiet erup-
tions from these pools, the highly viscous
gray surface material started to bulge be-
fore breaking and exposing the under-
lying bright-orange melt; this activity
was accompanied by faint splattering and
puffing noises. Thereafter, the glowing
gap closed again, with a deep furrow
marking the location of the event. An
intermittently audible strong hissing
noise could not definitely be associated
with any of the features observed.

In contrast to the quiet eruptions,
only 1 of the 35 explosive eruptions
heard during the 2-wk period was wit-
nessed from the crater rim; steam, how-
ever, precluded direct observations. The
time of ~6 sec taken by the ejected
material to hit the ground indicated that
the height reached by the ejecta was
~50 m. More violent eruptions, however,
are indicated by fresh volcanic bombs
around the main crater rim, ~250 m
above the lava pools. These bombs range
in diameter from several tens of centi-
meters to ~2 m. One such spindle-shaped
bomb had a diameter of ~0.8 m and was
~1.5 m long. It disintegrated after an
attempt to move it and revealed a hollow,
black interior partly filled with Pele’s hair;
the outer shell consisted of a vesicular,
glassy matrix, embedding the ubiquitous
anorthoclase crystals. The relatively small
number of bombs found outside the main
crater rim or detectable by use of bino-
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culars on the floors of the main and inner
craters suggest that not much material is
ejected during these eruptions. Snow on
the floor of the southern half of the inner
crater indicates low ground temperatures,
and only a few relatively mild fumaroles
are scattered over this part.

On February 4, 1973, however, an
eruption considerably stronger than those
observed during December and January
occurred in the southern part of the inner
crater; it lasted for ~45 sec and sent ash
and debris up to the floor of the main
crater.

A very strong roaring noise developed
for ~10 sec, during which the inner crater
filled with steam; it was followed by the
emission of a black, ash-charged cloud
from a small vent on the eastern wall of
the inner crater. Several large blocks
landed on the floor of the main crater.
They did not appear to be molten lava,
but rather secondary material derived
from the vent or vent wall. The ash cloud
continued to grow for ~30 sec, while the
loud roaring noise persisted. The cloud
reached a height of ~150 to 200 m above
the vent. Judging from the trajectory of
the blocks and the direction the ash cloud
was emitted, the vent must have been in-
clined and could be dipping at 70° or less
to the east.

During this visit, the red-hot fumarolic
vents and the lava pools were in a state
very similar to that observed a month
earlier; thus, the eruption witnessed in
February does not appear to have affected
the activity in the northern part of the
inner crater. The loud, continuous roaring
noise of this eruption was in strong con-
trast to the short, sharp bangs associated
with the eruptions observed earlier. It
seems probable that the February erup-
tion represents a vent-clearing process,
resulting from a gas build-up at depth due
to blockage of conduits feeding the south-
ern part of the inner crater.

Figure 3 shows frequency and duration
(in sec) of the explosive Strombolian-type
eruptions heard during the 2-wk observa-
tional period. During the first week, the
average interval between eruptions was
6 hr; thereafter, the average time between
eruptions increased to 16 hr, and the
average duration decreased from ~3 sec
to 2 sec. Seismographic and barometric
recordings taken 40 km away, at Scott
Base, did not indicate any event that
could be associated with activity on
Mount Erebus, nor did there appear to
be any correlation between eruptive fre-

n
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Abstract

The anorthoclase phonolite (kenyte) lava lake, first

observed in Mt Erebus in December 1972, has grown in size,

On November 11, 1973, a flow 20 m by 4 m was seen feeding the

lava lake from a vent on the east side of the crater. Strombolian

erxuptions continue with an increase in duration but a similar
frequency to 1972/73 observations.

Introduction

Mt Erebus (3794 m) is the largest of four volcanoces forming
Ross Island. The summit crater of Mt Erebus is slightly
elliptical ~500 m in diameter east-west and ~600 m north-south.
The main crater floor is ~160 m below the summit. Clear
conditions on November 11, 1973, allowed an excellent view of
the inner crater, which is usually filled with vapour. The
inner crater, which is ~250 m in diameter and ~100 m deep, is
situated at the north end of the main crater and appears to be
the result of collapse. An east-west ridge with a few weak
fumaroles dotted along it, divides the inner crater in half,
The southern half is snow-covered and relatively inactive,

although it contains several high pressure fumaroles and

numerous weak fumaroles. Lava and the majority of the activity

is confined to the northern (active) half of the inner crater.
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This report discusses observations made on November 11,
1973, by the author and Dr S. B. Treves (University of Nebraska)
and during the following fortnight by the author.

Activity

Major eruptions of Mt Erebus were witnessed by Sir James
Ross in 1841 (Ross, 1847) and 1908 and 1912 by members of
Shackleton's and Scott's expedition respectively (Shackleton,
1909; Priestley, 1913). Summaries of other previous activity
are given by Berninghausen and van Padang (1960) and
Giggenbach et al., (1973).

Giggenbach et al., (1973) reported the first observations
of a lava lake in the Mt Erebus crater. During observations from
December 24, 1972 to January 6, 1973 frequent small Strombolian-
type eruptions were heard, The eruptions of 1-6 seconds duration,
occurred about every 6 hours during the first week and then
about every 16 hours in the second week (Fig. 1). An ash
eruption from a fumarole vent on the south side of the inner
crater lasting 45 seconds, was witnessed by the author on
February 4, 1973 (Treves and Kyle, 1973).

On November 11, 1973 viscous lava was observed flowing
from a small vent about 0.5 to 1 m in diameter on the eastern
side of the active half of the inner crater. A small flow 15
to 20 m long with a maximum width of 3 to 4 m moved slowly
(L to 2 m per minute) west for 5 m then swung northwest until
it entered a convecting lava lake 40 m in diameter. Solidified
light greenish-grey lava partially covered the surface of the
flow and formed a thin skin on the lava lake. The toe of the
flow was solidified ropy lava which formed a well-defined flow
pattern, Concentric ropy flow lines were common in the lava lake.
Periodically the thin skin on the convecting lava lake would
upwell and break revealing the underlying molten lava.

On the northwest side of the inner crater a few glimpses
were made of a small 25 to 30 m consolidated lava lake,

surrounded by areas of fresh consolidated lava. The area of
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of the lava lakes has increased significantly since 1972/73
and the crater floor has risen drowning the small hornitos
and the lava lake described by Giggenbach et al., (1973).

Strombolian eruptions similar to those reported in
1972/73 were continuing in November 1973, The duration of
the eruptions had noticeably increased while the frequency
was variable (Fig. 1). No direct observations of the inner
crater during an eruption were made. Giggenbach et al.,

(1973) recorded ejected material hit the ground 6 seconds

after an eruption indicating an eruption height of 50 m, but
again no direct observations were made. On November 21,

1973 the inner crater was observed from the south end of the
main crater rim, during a 5 second eruption. No material was
seen to be ejected above the inner crater rim, and there was
only a very slight increase in vapour emission. At other

times rapid increases in vapour (weak steam eruptions) occurred
without any noticeable eruptive sound.

From November 13 to 15, 1973 a heavy snowfall covered the
main crater and southern inner crater floors and walls with
fresh snow. Observations on November 18 showed no volcanic
ejecta covered the fresh snow, Only a fumarole vent in the
southwest sector of the inner crater had a 20 by 10 m patch
of tephra covering the snow on the crater wall above the vent.
The vent was the same one from which the author witnessed a
45 second ash eruption in February 1973 (Treves and Kyle, 1973).
It is likely the 25 second eruption on November 17 occurred from
the fumarole and deposited the tephra. The lack of any ejected
material (apart from around the fumarole) suggests the eruptions
possibly are the result of mild degassing of the lava lake,
however until direct observations of an eruption are made no
positive conclusions can be reached.

Gas activity was similar to previous visits. Irregularly
a loud hissing sound, as if high pressure gas was being ejected,
built up over 5 to 10 seconds then persisted for 20 to 50
seconds before dying down. Most of the sound seemed to come
from fumaroles in the inactive or southern half of the inner
crater and from unidentified sources in the extreme west of
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of the active area. No obvious increase in gas accompanied
the sound. Strong fumaroles were identified only in the inactive
side of the inner crater.

In September 1974 several ash eruptions were recorded and
red glows seen in the night sky above Mt Erebus by Scott Base
personnel, indicating the continued presence of the lava lake.

Discussion

The activity of Mt Erebus appears to have increased since
the initial observations of a lava lake in December 1972. The
proven existence of the lava lake for one year and the indication
that in September 1974 it still continues, makes Mt Erebus one
of only three volcanoes with a permanent lava lake.

Observations and an attempt to sample the lava and gases
are planned for December 1974.
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Discussion

The description of the Erebus volcanic province has
been limited to Ross Island. Other areas have been visited
and any generalisations are based on observations made through-
out the McMurdo Sound area.

On Ross Island the geology of the three areas Mount
Bird, Mounts Terra Nova and Terror and Hut Point Peninsula,
which surround Mt Erebus are similar. Each is dominated by
basaltic lavas with minor phonolitic cones. At Mt Bird,
Mt Terror and Mt Terra Nova, large basaltic shield volcanoes

have been built, then an alternating sequence of basaltic and

phonolitic cones were erupted on the flanks. Hut Point Peninsula

consists of a series of basaltic cones, with only one phonolitic
cone.

The lavas of the Erebus centre are very distinct and
consist predominantly of intermediate and phonolitic lavas.
Anorthoclase phonolite was erupted only from Mt Erebus and
small cones around its flanks. Porphyritic plagioclase rich
intermediate lavas are very common in the Erebus centre.
Although this type of lava does occur throughout the Erebus
volcanic province it seems to be abundant only at Mt Discovery
and Mt Erebus.

A similar distribution of mainly basaltic lavas
surrounding a centre of predominantly phonolitic lavas may
occur at Mt Discovery. Mt Morning is a large basaltic shield
volcano with only minor phonolitic cones, but abundant young
basaltic cones occur around its flanks. At Brown Peninsula and
Minna Bluff similarly, there are mainly basaltic cones with
lesser intermediate and phonolitic lavas. Mt Discovery, at
least in the upper part of the cone, is composed mainly of

plagioclase-rich intermediate and phonolitic lavas.



Volcanic Evidence Bearing on Glacial Events

K/Axr AGE DATES

Throughout the McMurdo Sound area there is little evidence
of eruptions occurring at times of increased ice Or sSnow Cover.
If subglacial eruptions occurred the likely eruptive products
would be hyaloclastite (see below) as at Castle Rock, Turks '
Heed and Tryggve Point. However the abundance of erratics at
various heights around Ross Island and other volcanic centres
show the Ross Ice Shelf has in the past been at least €00 m
higher (Vella, 1962); assuming no isostatic or tectonic uplift.
Many dated samples are from subaerial flows and cones (Table
3.2) collected from near sea level, and these therefore
indicate times when these locations were ice~free. At these
times the Ross Ice Shelf could not have been in an expanded

state. Figure 3.19 shows the frequency of dated rocks erupted
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FIGURE 3.19 Frequency of K/Ar dates (see Tables 3,2 and 3,3) of subaerial
cones and flows below previous higher icz levels in the McMurdo
Sound area. Approximate height of sample gite above sea level

is shown in metres; S.L. = sea level. See text for discussion
of Castle Rock age.



70.

in a subaerial environment below the level of known ice-rafted
erratics (i.e. below the level of previous major ice cover).
The height of the samples above sea level is shown. The only
dated sample indicative of a subglacial eruption is from
Castle Rock (see beglow) which is 1.12%#0.4 m.y. Based on
Figure 3,19 any major expansion of the Ross Ice Shelf was
unlikely to be longer than 0,2 to 0.3 m,y., and in the last
million years must have been even shorter.

ANORTHOCLASE PHONOLITE ERRATICS

Anorthoclase phonolite (kenyte) erratics and moraines
occur over a wide area of McMurdo Sound, including Black Island
and Brown Peninsula (Vella, 1969), Koettlitz Glacier (Blank
et al,, 1963) and the Lower Taylor Valley. The only known
vents for these very characteristic lavas are on Mt Erebus.
Lavas from Cape Barne are 0.94 m.y. (Table 3.2), the oldest
K/Ar ages for the Erebus centre, and it would seem that
anorthoclase phonolite lavas from Mt Erebus are unlikely to
be older than about 1.5 m.y. This puts an upper age limit on
the moraines and places constraints on the direction of ice
movement, An anorthoclase phonolite erratic from the Lower
Taylor Valley has been dated at 1.5420.3 m.y. (Table 3.3),
which is in agreement with the age limits suggested above,

HYALOCLASTITE

Hyaloclastite is generally considered to form in a
subaqueous environment, either submarine or subglacial, and
therefore can be used to indicate former sea or ice levels. In
the Hallett volcanic province, Hamilton (1972) has described
and discussed extensive deposits of hyaloclastite which he
considers are subglacial. Within the Erebus volcanic province,
hyaloclastite is found at Castle Rock, Boulder Cones, Turks
Head area, DVDP holes 1 to 3 and Minna Bluff (Hamilton, 1972).

Castle Rock is composed of poorly bedded hyaloclastite
and the turret shape resembles table mountains (although
smaller in dimensions) in Iceland that are subglacially formed.
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If it is assumed that no large amount of isostatic uplift
occurred (in fact Ross Island appears to be sinking due to
crustal loading), the 413 m elevation of Castle Rock, the
shape and the lithology all suggest a subglacial origin.
An olivine-augite basanite dike which probably fed lava to
the ice contact zone where the hyaloclastite was forming has
a K/Ar age of 1.1240.4 m.y. (Table 3.2). Castle Rock is
therefore evidence of an expanded Ross Ice Shelf 1.12 m.y.
ago, which was at least 400 m thicker than at present. This
period of giaciation could correlate with invasions of the
Taylor and/or Wright Valleys by the Ross Ice Shelf. Calkin
and Bull (1972) suggest that the Pecten Glaciation of the
Wright Valley was between 0.8 and 1.2 m,y. although indirect
evidence suggests the Pecten Glaciation may be older than
3 m,y, (Webb, 1972; McSaveney and McSaveney, 1972).

Further studies, particularly radiometric dating of the
included clasts within hyaloclastites of the McMurdo Sound area,
may help delineate the glacial history of the region.
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CHAPTER FOUR

PETROGRAPHY
Nomenclature

The nomenclature of alkali rocks is confusing and subject
to considerable debate; in addition, many of the different
rock types are rare and restricted to a few localities (Sorensen,
1974; Johannsen, 1939)., Classification based on modal
compositions (Streckeisen, 1967) is difficult for many reasons, -
the most obvious being the fine-grained or glassy nature of
many volcanic rocks, Consequently many recent classifications
have been based on whole-rock chemical analyses and CIFW
normative mineralogy, -

In their study of rocks from the East Otago Volcanic
Province of New Zealand, Coombs and Wilkinson (1969) examined
the lineages and fractionation trends, and the associated lava
nomenclature in alkali volcanic rocks. Lavas were classified
on their chemical and modal compositions and normative
mineralogy. The scheme used in this thesis, follows Coombs
and Wilkinson (1969) with minor alterations suggested by Price
(1973), Field and thin section nomenclature, when chemical
analyses are not available, are discussed below.

Alkali volcanic rocks are divided into sodic and potassic
series, the former being classically represented by Hawaiian
and Hebridean lavas and the latter by Tristan de Cunha and
Gough Island lavas. Division into the two series is subjective.
Price (1973) and Irvine and Baragar (1971) used the normative
orthoclase content whereas Macdonald (1960) and Macdonald and
Katsura (1964) used a NaZO/KZO ratio of 2. 1In strongly
undersaturated lavas, Coombs and Wilkinson (1969) noted several
difficulties with the NaZO/KZO ratio; such as the tendency of
lava series to show a decreasing NaZO/KZO ratio with differen-
tiation. In this scheme the basaltic lavas would belong to a
sodic series whereas the rocks with a high differentiation
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index (benmoreites, tristanites, trachytes) would be potassic.
Notwithstanding this and other difficulties mentioned by

Coombs and Wilkinson (1969), the division based on a Na20/K20
When the bulk
of the lavas from any one region have a NaZO/KZO ratio of >2,

ratio has been found convenient in this study.

then all the lavas are referred to the sodic series, even if
some individual rocks have an alkali ratio of <2, and
conversely, rocks are referred to the potassic series if the
bulk of the lavas have NaZO/KZO <2,
the sodic or potassic series the appropriate nomenclature
(Table 4.1 and Fig. 4,1) may be applied.

Once assigned to either

TABLE 4.1, Nomenclature, based on normative mineralogy, used to

describe rocks of the McMurdo Volcanic Group.

Sodic Series

Potassic Series

Features and Comments

alkali basalt

alkali K-basalt

An >50, Ne <5

basanite K-basanite An >50, Ne >5
basanitoid - Used synonymously with
basanite (see text)
hawaiite trachyandesite An=30-50, Ne <10
nepheline hawaiite nepheline trachyandesite | An=30-50, Ne >10 _

- quartz trachyandesite An=30-50, 0>0, D.I. <65
mugearite trachyandesite An=10-30, Ne <10, D.I. <65
nepheline mugearite | nepheline trachyandesite | An=10-30, Ne >10, D.I. <65
benmoreite tristanite D.I,=65-75, Ne <10
nepheline benmoreite | nepheline tristanite D.I.=65-75, Ne >10

quartz tristanite D.I.=65-75, Q>0
trachyte K-trachyte D,I. >75, Ne <10
phonolite phonolite D.I. >75, Ne >10
- quartz K-trachyte D.I. >75, 9>0, Q>Ac
- peralkaline K-trachyte D.I. >75, Ac>0, Ac>Q, Ac>Ne
100An
An - normative AntAb" Ne - normative nepheline.

D.I. - Differentiation Index (Thornton and Tuttle, 1960).

Q - normative quartz, Ac - normative acmite.

Mineralogical prefixes are used to distinguish some rock types, the phonolites
in particular have been classified as anorthoclase phonolite (equivalent

to the kenyte lavas of the Erebus centre), pyroxene phonolite (for
aegirine-augite bearing phonolites) and kaersutite phonolite.
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Several points to note in the classification are the
absence of the term 'trachybasalt' and its replacement by
'K-basalt'; and the use of qualifiers, based on phenocryst

abundances, in the phonolites (Table 4.1). The terms basanite
(modal nepheline present) and basanitoid (no modal nepheline)
are used synonymously, as nepheline is not usually detected in
routine thin section examination but is often found to be
present, particularly in the groundmass, by staining, electron
microprobe or x-ray diffraction studies.

The use of the term 'kenyte' to describe the Mt Erebus
lavas has been discussed by Smith (1954) and Treves (1962).

At Mt Kenya (Africa), the type locality for kenyte, the lavas
contain nepheline phenocrysts; but because it is absent in the
Mt Erebus kenyte lavas, Smith (1954) recommended naming them
Antarctic kenyte. Boudette and Ford (1966) and Treves (1962,
1967) use the less specific names anorthoclase trachyte or
anorthoclase phonolite and this nomenclature is followed in
this thesis, It should be noted however that kenyte is so
strongly entrenched that it remains in use as a field term and
in general descriptive studies.

Throughout this study, the term 'intermediate' has been
used to collectively refer to all rocks of composition between
basalt and trachyte/phonolite, that is rocks classified as
hawaiite, mugearite, benmoreite, trachyandesite and tristanite

and their saturated or strongly undersaturated equivalents.

Field and Thin Section Nomenclature

In the field the rocks were divided into dark or light
coloured and called basalt and trachyte, respectively. These

names were then prefixed, in order of abundance, by the main

phenocryst phases (e.g. olivine-augite-hornblende basalt;
hornblende trachyte). This scheme was also followed in
describing thin sections, when no chemical analyses were

available, and has been used extensively by Cole and Ewart
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(1968), Cole et al., (1971), Treves and Kyle (1973a) and Kyle
and Treves (1974a). When modal feldspar determinations were
made, further refinements in the nomenclature were possible
(Table 4.2). Rocks described in hand specimen as basalts, were
on analysis found to range from basanite to benmoreite.

An attempt was made to use different nomenclature for
samples which are described only in thin section and/or hand
specimen, so as to distinguish them in the text from the
analysed samples. The use of basalt, trachybasalt and kenyte
(Table 4.2) were useful in this respect. There is dual usage
of trachyte, but as it was found that the analysed 'trachytic'
lavas are almost all phonolites or K-trachytes, the name
'trachyte' generally denotes samples described in thin section
and/or hand specimen.

TABLE 4.2, Field and thin section nomenclature,

basalt - Dark coloured 'basaltic' rocks containing olivine,
augite, kaersutite and plagioclase. Thin sections
found to contain modal labradorite.

trachybasalt - Rocks found from thin section to contain modal
andesine or oligoclase.

trachyte - Light coloured 'trachytic' rocks, with alkali
feldspar > plagioclase in thin section.

kenyte ~ Field name used for all porphyritic anorthoclase
phonolite and anorthoclase trachyte lavas from

Mt Erebus.

CIPW Norm Calculations

CIPW weight percent norms are given for whole rock
analyses in Chapter 7, Where the iron oxidation state is not
determined, norms have been calculated with standard values

of Fe203, using the convention of Thompson et al,, (1972):



77.

1) where Na20 + K20 < 4%, Fe203 = 1.50%.
2) where Nazo + K20 4-7%, Fe203= 2.00%,
3) where Na20 + KZO > 7%, Fe203 = 2.50%.

I

The differentiation index (D,I,) of Thornton and Tuttle (1960)
normative Q+Ab+Or+Ne+Lc.

Descriptive Petrography

Introduction

Excellent petrographic descriptions of McMurdo Volcanic
Group rocks, made by previous workers, have provided a useful
background to this mineralogical and geochemical study, and
only brief additional descriptions are given in this thesis,

Phenocrysts are defined as any mineral grain whose
maximum dimension exceeds 1 mm, microphenocrysts are less than

1 mm but are larger than mineral grains in the groundmass.

Balleny volcanic province

The only published petrographic studies are given by
Mawson (1950), who described 11 thin sections, mainly of olivine
trachybasalt and minor olivine-augite basalts.

Samples examined in this study are olivine and olivine-

augite basalts (basanites) and a trachybasalt similar to that
described by Mawson (1950).

Olivine-basanite

Usually contains euhedral, seriate phenocrysts and
microphenocrysts of olivine, commonly embayed and showing
brown iddingsite alteration around the rim and along cracks,
The fine-grained intergranular groundmass contains labradorite,

olivine, pinkish titanaugite, opaques and minor glass which
may be chloritized(?).
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Olivine-augite basanite

Typically porphyritic containing varying amounts of
seriate olivine and augite phenocrysts and microphenocrysts.
Rare augite phenocrysts (up to 10 mm) are rounded and may be
partially oxidised;together with a few oxidised kaersutite
phenocrysts. Pinkish titanaugite phenocrysts are euhedral
with weak zoning and have red-brown chrome spinel inclusions.
Olivine is colourless and often a little ragged around the
edges. The weakly intergranular groundmass contains labradorite
laths, augite, cubic opaques and minor glass.

Melbourne volcanic province

Lavas at most centres are adequately described by
previous workers, however a wide range of rock types at The
Pleiades has been revealed in this study and these are briefly
described below. Nathan and Schulte (1967, 1968) have described
the lavas from Mt Melbourne, Mt Overlord and the small volcanic
centres of the Local Suite; Watters (in Gair, 1967) has

described lavas and plutonic inclusions from Mt Overlord.

THE PLEIADES

Basanite

| Usually vesicular, with some flow banding and only weakly
porphyritic with a few seriate phenocrysts and microphenocrysts |
of augite (dominant) and olivine (rare). Augite is light brown,
euhedral, weakly zoned (occasionally sector zoned) and rarely
embayed., Microphenocrysts may form glomeroporphyritic clumps
up to 0,4 mm in diameter. Olivine phenocrysts are euhedral and
colourless., Microphenocrysts of magnetite and xenocrysts (1 mm)
of strongly altered plagioclase are rarely noted. The groundmass
is variable but typically dense and intersertal and charged
with minute opaque grains. Labradorite laths (<0.1 mm long),

rare olivine, stubby augite and opaques are the main groundmass
phases.
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Nepheline hawaiite

Strongly vesicular and microporphyritic, with
microphenocrysts of subhedral brown kaersutite which commonly
has a sieve margin studded with minute opaques; completely
oxidised pseudomorphs are rare. Inclusions of apatite occur in
the larger microphenocrysts, Some kaersutite grains have dark
brown, rounded cores otherwise zoning is minimal. The groundmass

is vitrophyric with kaersutite, slightly pink augite, plagioclase
microlites and opaques.

Nepheline mugearite

Usually only weakly porphyritic with oxidised pseudomorphs
(3 mm long) after kaersutite and rare phenocrysts (xenocrysts?)
of skeletal magnetite. Kaersutite microphenocrysts are pleochroic
from light to reddish brown and show varying degrees of alteration
from about half to complete; alteration products consist mainly |
of pyroxene, plagioclase, magnetite and a very dark brown to
opaque mineral not positively identified but possibly rhdnite.
The hyalophitic groundmass has brown glass with laths and
microlites of plagioclase (oligoclase?), magnetite, augite and
minor olivine with brown alteration rims.

Nepheline benmoreite

Fine-grained with a pilotaxitic to trachytic texture,
they may be microporphyritic with rare fresh-oxidised micro-
phenocrysts of kaersutite, pinkish and brownish euhedral
augite (often sector zoned), magnetite and alkali feldspar.
The groundmass consists of interlocking laths of anorthoclase
and sanidine, ragged greenish ferroaugite, magnetite, rare
fayalitic olivine and glass.

Trachyandesite

Porphyritic with seriate, euhedral phenocrysts of olivine
and augite, and corroded, altered xenocrysts (?) of andesine-
labradorite. Rare microphenocrysts of kaersutite occur and in
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one slide appear to be xenocrystic. The pilotaxitic to
hyalophitic groundmass contains andesine microlites, olivine,
augite, magnetite and accessory apatite. Hematite occurs in
the groundmass of an oxidised sample.

Tristanite

Mainly microporphyritic with rare phenocrysts, although
a strongly porphyritic sample contains seriate phenocrysts of
andesine, slightly pink augite and olivine, Glomeroporphyritic
clumps of plagioclase with included olivine and augite are also
found in the same sample and may indicate that it is a cumulate.
In the phenocryst-poor lavas, strongly corroded plagioclase,
anorthoclase and augite with large embayments are probably
Xenocrysts. In one sample there are microphenocrysts of nearly
completely oxidised pseudomorphs after kaersutite. The ground-
mass is variable and may show a vitrophyric, hyalopilitic and
intersertal texture with andesine prisms,laths and microlites,
very light brown to light green augite, olivine, cubic opaques,
kaersutite (usually oxidised) and glass.

K~trachyte

Usually holocrystalline, fine-grained and typically
showing a trachytic texture, although occasionally rare
microphenocrysts occur. One sample is strongly porphyritic with
phenocrysts of oligoclase, anorthoclase and magnetite and micro-
phenocrysts of biotite, kaersutite, fayalitic olivine and ferro-
augite. The microphenocryst assemblage is anorthoclase,
magnetite, green ferroaugite and accessory apatite. The ground-
mass varies from typically trachytic to orthophyric and consists
of interlocking feldspar (0,1 to 0.3 mm long) with ragged green
ferroaugite and cubic opaques filling the interstices. Fine
brown aegirine (?), rare aenigmatite and minor zircon also occur
in the groundmass.
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Peralkaline K-trachyte

Typically holocrystalline and fine-grained with a
trachytic texture, Phenocrysts and microphenocrysts of sanidine,
anorthoclase and aegirine may make up to 1% of the lava.
Interlocking sanidine laths (0.2 mm long) have the interstices
filled by cubic opaques and either ragged brown to green
aegirine or reddish brown to black aenigmatite. Needles of
zircon occur as inclusions in the sanidine.

Essexite

Although only weakly undersaturated (Ne = 0.8 to 1,1%)
the chemistry of these inclusions indicates they are cumulates
and this partially masks their obvious alkali composition. Two

samples (25263, 25268) are hypiomorphic granular with an average

~grain size of 2 mm. Pink titaniferous augite occasionally

subophitically encloses olivine and plagioclase. Olivine is

~generally altered around its rims and in cracks and is also

rounded and slightly smaller in grain size than the other
minerals. Labradorite is zoned and has alkali feldspar rims.
Late stage titanobiotite and kaersutite are found. An average
estimated mode is olivine 5%, pyroxene 39%, biotite and
kaersutite 2%, feldspar (predominantly plagioclase) 48%,
opaques 3% and mesostasis 3%.

Erebus volcanic province

The meticulous and detailed thin section descriptions of
Smith (1954) adequately cover the rock types examined in this
thesis. Further descriptions and modal analyses are given by
Cole and Ewart (1968), Cole et al,, (1971), Treves (1962, 1967),
Kyle (1971), Adams (1973), Luckman (1974); DVDP lavas are
described by Treves and Kyle (1973a), Kyle and Treves (1974a)
and Treves and Ali (1974).
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CHAPTER FIVE
MINERALOGY

Introduction
A detailed examination of the mineralogy of lavas and of
one plutonic inclusion from The Pleiades, DVDP core samples and
Mt Erebus were made by electron microprobe. Analyses and
analytical techniques are given in Appendix B.

Olivine

Occurrence and Composition

1. THE PLEIADES

Olivine occurs in all lava types except nepheline
benmoreite and peralkaline K-trachyte. Of the 8 thin sections
examined by electron microprobe, olivine is present in all samples
except K-trachyte 25687 and peralkaline K-trachyte 25699, in
these aegirine-augite and acmite are the dominant mafic minerals.
Nash and Wilkinson (1970) have shown that fayalitic olivine will
not co-exist with acmite, due mainly to the stability of the
minerals under different f02 conditions.

Olivine ranges in composition from Fogq in trachyandesite
(25703) to Fo46 in nepheline benmoreite (25661). There is then
a break in composition with fayalitic olivine (F°22) in K-
trachyte (25702). Analyses are plotted in Figs 5.1 and 5.2.

Within any one sample analyses show little variation

and where present is due to normal zoning. Groundmass composition

is usually more iron-rich than the phenocrysts or similar to the
rims of the phenocrysts. In 25666 a small xenocryst with a
reaction rim has a composition of Fo48 which differs significantly
from the Fo,,_-, of the phenocrysts,
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Basanite lavas, DVDP 1 and 2, phenocrysts
Basanite lavas, DVDP 1 and 2, microphenocrysts and groundmass

Xenocrysts in DVDP nepheline hawaiite (2-62.41) and nepheline
mugearite (2-39.28)

Xenocrysts in DVDP benmoreite (1-131.36)
All lavas, The Pleiades (Appendix B, Part 1, Table 1)
Anorthoclase phonolite, Mt Erebus (Appendix B, Part 3, Table 1)

Peridotite inclusion, Brandau Vent, Royal Society Range
(McIver and Gevers, 1970)

All plots in weight percént.



83.

24—~ o

MnO

-
Al b
- ® .f“i .
Sud ®
o o’ﬂ“%
o I ! 1 1 ] | 1 1 1 ] |
8 16 24 32 40 48 56
FeO
FIGURE 5.1 Variation of MnO vs FeO* in olivine from the McMurdo
Volcanic Group. Electron microprobe analyses.
o on
. g
=]
a -
0.4 ®
st °
CD © o 2 " at - =
'. z . ™
O e 3 & -
O . " P
@ e .’ = -
- L}
0.2 . e, i
1 1 1 1 1 1 ] | 1 | |
0 6 24 32 20 8 56

FIGURE 5.2 Variation of Ca0 vs FeO* in olivine from the McMurdo
Volcanic Group. Electron microprobe analyses.
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2. DVYDP 1 AND 2

Olivine occurs as seriate phenocrysts and as a groundmass
constituent in the basanites, but in all other lavas primary
olivine is absent, Numerous samples contain rounded resorbed
xenocrysts invariably with oxidised kaersutite as a reaction
rim around the xenocrysts. The olivine shows only a limited
range in composition from F°87 to Fo74 (Fig, 5.1) which is
typical of basaltic rocks. A xenocryst of FOGO in 2-62.41 is
unusual as it is the only iron-rich olivine analysed from the
DVDP lavas. The presence of this fayalitic olivine xenocryst
suggests a derivation from an intermediate or phonolitic lava,
however the hawaiite and benmoreite from DVDP and phonolites
from Observation Hill, show an absence of olivine., The origin
of this particular grain is therefore unknown. The xenocrysts
in the nepheline mugearite (2-39.28) are similar in composition
to phenocrysts in the basanites (Fig. 5.2) and are probably
derived from that source.

Zoning occurs but is generally only minor, the largest
variation noted being Fogg to Fo,g. One grain exhibited very
weak reversed zoning.

The composition of olivine incluéions in clinopyroxene
phenocrysts from basanite 2-99.34 and 2-103.15 is similar to
that of the olivine phenocrysts, indicating there was no major
compositional change from the earliest forming crystals.

A euhedral microphenocryst of olivine in basanite
2-99,34 shows an unusual symplectic texture of intergrown
spinel and magnetite (Fig. 5.3). A microprobe scan (Fig. 5.4)
across part of the grain shows the variation in Fe and Mg,
resulting from the intergrowths, and also the weak zoning of
the olivine towards the rim. Symplectic intergrowths of
magnetite + enstatite or hematite + forsterite occur-as a
result of high temperature oxidation (Haggerty and Baker, 1967).
This origin is not applicable to the sample under consideration
as it is extremely fresh and spinel is not a product of such
oxidation, Minute octahedra and plates of exsolved ferric and
chromic oxides are found in some olivines (Deer et al., 1963),
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FIGURE 5.3 Photomicrograph of symplectic intergrowth of magnetite

and spinel in olivine microphenocryst from DVDP basanite
2-99.34 m.

FIGURE 5.4

Electron microprobe scan across part of the olivine figured
above, showing the variation of MgO and FeO*. Magnetite
intergrowths have higher FeO* than the spinel intergrowths
Note the weak normal zoning in the outer 20 ym of the
olivine. The olivine is rimmed by clinopyroxene.
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however large symplectic intergrowths have not been reported.
The mode of formation for the intergrowths is therefore unknown.

3. MT EREBUS

Fayalitic olivine, which shows only minor compositional

variation (Fo49 to F052), occurs in anorthoclase phonolite lavas
from Mt Erebus (see Chapter 8).

Minor Element Variation

1. MANGANESE (MnO)

The MnO content of the olivine increases with increasing
FeO (Fig. 5.1). Olivine from Mt Erebus anorthoclase phonolite
contains 2.4% MnO which is noticeably higher than olivines from
other centres., In undersaturated plutonic rocks, Simkin and
Smith (1970) reported olivines with up to 1.9% MnO, while
recently Stephenson (1974) described nepheline syenites from
south Greenland, in which olivine contained 4.8 to 11.1% MnO.
Olivine in trachytes and phonolites from Mt Suswa, Kenya
contain 3.5% MnO (Nash et al., 1969). |

2. CALCIUM (CaO)

Ccao content is variable within any one rock type, but when
the range of olivine compositions are compared the CaO generally
appears constant with increasing FeO (Fig. 5.2).

Simkin and Smith (1970) showed CaO content is usually less
than 0.10% for olivines in plutonic rocks but exceeds 0.10% for
hypabyssal and extrusive rocks. They suggested that the calcium
content was dependent on pressure., Stormer (1973) has shown that

the entry of calcium into olivine is probably controlled by the
following reaction:
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CaMgsi, O, = Ca(SiO + Mg(S8i0,), + Si0, ees (1)

4y
diopside Ca-olivine forsterite 1liquid

hence
liquid olivine olivine
K = ds : .a ’ «ee (1A)
(T,p)  sio, Mg(Si0,)y "~ Ca(sio,),
pyroxene
CaM951206

Thus the activity or mole fraction of Ca(SiO4)% in olivine is
strongly influenced by the silica activity (the effective
thermodynamic concentration of silica) at any given temperature
and pressure. Stormer (1973) concludes that if the silica
activity remains constant, rapidly rising calcium content in
olivine may indicate a pressure drop whereas decreasing or
constant calcium content may indicate the dominance of
decreasing temperature.

The lack of any widespread scatter of Ca0 in olivine
of the McMurdo Volcanic Group lavas probably indicates
decreasing temperature has been important during.the
crystallization of these lavas.

3. NICKEL (NiO)

NiO wt % decreases as the Fa content increases (Fig. 5.5).
Forbes and Banno (1966) examined in detail the nickel-iron
content of peridotite inclusions and cognate olivine in
basanite samples from Hut Point Peninsula (Fig. 5.5). They
showed compositional gaps in the Ni content of olivines from
the inclusions compared to olivine in the basanites. A
fractionation trend of decreasing Fa was observed in the
basanites, but not in the peridotite inclusions (Fig. 5.5).
Forbes and Banno (1966) therefore concluded the olivine in
the inclusions was not formed from the same parent melt as
the basanite olivine.

Olivine from DVDP samples have similar NiO versus Fa trends
(Fig. 5.5) to those studied by Forbes and Banno (1966). Olivine
cores in the basanite also have similar NiO and Fa contents
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INCLUSIONS
O Peridotite inclusions, Hut Point Peninsula (Forbes
and Banno, 1966).

®m Olivine-titanaugite gabbro inclusions, Hut Point
Peninsula (Forbes and Banno, 1966).

¢ Peridotite inclusion, Brandau Vent, Royal Society
Range (McIver and Gevers, 1970).

BASANITE LAVAS (all from Hut Point Peninsula)

Phenocrysts (Forbes and Banno, 1966).

A
® Phenocrysts (this study).

A Microphenocrysts (Forbes and Banno, 1966).
v

O

Groundmass (Forbes and Banno, 1966).

Groundmass (this study).

OTHER LAVAS

+ The Pleiades (this study).

Arrows show compositional zoning framn core to rim of grains.
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to olivines from the peridotite inclusions. As the inclusions
probably formed under constant pressure and temperature
conditions in the upper mantle or lower crust they would be
expected to be unzoned (as shown by Forbes and Banno, 1966).
Zoning of olivine in the basanites indicates they were formed
under varying conditions (such as decreasing temperature - as
indicated above by the Ca content) probably as the magma
ascended to the surface. One would therefore expect only the
cores of the basanite olivines to be similar in composition to
the inclusion olivine. This is certainly the case for some of
the analysed olivines (Fig. 5.5) and therefore it cannot be
concluded that the olivines from the basanites and peridotite
inclusions did not form from the same melt.

Olivines in basanites from this study have higher Fa
contents than those studied by Forbes and Banno (1966). They
overlap in NiO and Fa contents with olivines from titanaugite-
olivine peridotite inclusions (Fig. 5.5) suggesting they are
autolithic, the inclusion may be high level crystal cumulates.

Pyroxene

Occurrence

Clinopyroxene occurs as phenocrysts, microphenocrysts
and in the groundmass of almost all lavas of the McMurdo
Volcanic Group. It is absent in occasional phonolites and
K-trachytes where the main mafic minerals are aenigmatite
or kaersutite.

No orthopyroxene has been found in any lavas, so in
the following discussion where the term 'pyroxene' is used
it always refers to 'clinopyroxene',

1., THE PLEIADES

Two groups of pyroxenes can be distinguished in thin
section: '
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i. In the basic and intermediate lavas (excluding the
nepheline benmoreites), pyroxene is usually euhedral and occurs
as phenocrysts and microphenocrysts, with resorbed Xenocrysts
rare. It is generally brown to colourless although occasionally
it may be pinkish. Sector zoning is common in basanite
pyroxenes (e.g. 25679) and normal zoning is present in
pyroxenes from all rock types.

ti, In the K-trachyte, peralkaline K-trachyte and
nepheline benmoreite lavas the pyroxene is typically green
and may be slightly pleochroic. Brownish acmitic pyroxene
may be present in the more differentiated lavas. The
pyroxene is usually a groundmass constituent, and is anhedral
with a ragged outline as it fills the interstices between the
flow banded feldspar laths and microlites. Occasional green
euhedral microphenocrysts are observed. 1In a peralkaline

K-trachyte (25698), pyroxene is not pPresent, aenigmatite is
the main mafic phase,

2, DVDP 1 AND 2

Clinopyroxene is ubiquitous in the DVDP lavas. 1In the
basanites euhedral seriate phenocrysts are present (with the
exception of 1-187.64), while microphenocrysts and groundmass
pyroxene are always found. Three stages of development are
recognised within pyroxenes from the basanites and some
nepheline hawaiites, The cores of some phenocrysts are light
green to green and often show an irregular outline which
suggests resorption (Fig. 5.6). Surrounding this is usually
a colourless, or occasionally weak-brown zone of variable
width and the grain has a pink to purplish rim (Fig. 5.6).
Microphenocrysts and some phenocrysts have colourless cores
and purple rims while the groundmass pyroxenes are a uniform
Purple colour.

Weakly pinkish to colourless Phenocrysts, microphenocrysts
and groundmass pyroxene occur in the nepheline hawaiite,
although rare crystals have green sodic cores similar to



Microphenocryst in 2-103.15; Grain 6 (see Appendix B,
Part 2). Grain is 0.5 mm wide.

Phenocryst in 2-99.34; Grain 4 (see Appendix B, Part 2).
Centre zone is 0.75 mm wide. ’

FIGURE 5.6 Photomicrographs of clinopyroxene in basanite lavas
from DVDP holes, showing zoning from green Na, Fe-rich
core to colourless salite. Some grains show a thin
purple Ti-rich salite xim.
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pyroxenes from the basanites, In the nepheline mugearites
and nepheline benmoreites microphenocrystic and groundmass

pyroxene vary from colourless to very weak brown and light
pinkish.

3, MT EREBUS

Microphenocrysts of brownish resorbed pyroxene are
usually present in the anorthoclase phonolite bombs and lava
from the summit of Mt Erebus (see Chapter 8).

Chemistry

INTRODUCTION

Electron microprobe analyses of the pyroxenes are given
in Appendix B along with their formulae based on 6 oxygen.
Total Fe was determined as FeO, but as the pyroxenes contain
>0.5% Na,0, a proportion of the Fe must be Fe203 (particularly
in the more sodic pyroxenes), Several methods of calculating
Fe3+ were used;

(P Fe203 was calculated assuming all sodium occurred
as an acmite component (NaFe3+Si206), in which case the
molecular proportion of Fe203 equals Na20. This scheme was
used by Kyle (1974b) (See Appendix B; Part 2).

ii, Fe203 was calculated assuming the pyroxene was
charge balanced, the equation given by Papike et al., (1974)
was used;

VI VIs 3+ VI

Fe ' + M2

Al + cr3t 4+ 2Vipidt = Va1 4 M2y,

Calculations were made using a computer program modified from
a program supplied by Professor J, J. Papike.

Both methods of determining Fe203 are approximations,
however the charge balance procedure has been used in this
thesis. After Fe3+ was calculated theoretical pyroxene
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molecules were calculated following a convention given below.

CLINOPYROXENE RECALCULATION

Several schemes for recalculating clinopyroxene analyses
have been proposed by Kushiro (1962), and Cawthorn and
Collerson (1974). Neither method is satisfactory when dealing
with a wide range of clinopyroxenes, particularly of Na-rich
compositions, and when Fe3+ is calculated by charge balance
procedures. Theoretical end-members have therefore been
calculated using a scheme based in part on Kushiro (1962)
and Cawthorn and Collerson (1974), The scheme is considered
applicable to volcanic rocks but is not recommended for use
with high-pressure pyroxenes from eclogites and other rocks
which contain jadeite or Na and Al rich pyroxenes.

The procedure 1isj;

(1) Combine Na+K, AL+Cr, Mg+Ni, Fe’ +Mn

(2) Form Ca-Ti-tschermak (CaTiAlzos); if insufficient

Al form Na-Ti-pyroxene [NaTi0 5(Fe2+

Mg)0 581206] (Papike et al.,
1974) with the excess Ti. Formation of the latter pyroxene is
very rare and will only occur in Al-poor acmitic pyroxenes.

(3) Form acmite (NaFe3+

$i,0,.), if there is insufficient
2+ 2°6

to satisfy the formula.
(4) Form ferri-tschermak (CaFeBSSiOG) molecule.

(5) Form calcium tschermak (CaAlZSios) molecule.

(6) Form wollastonite (Ca28i206) from remaining Ca
after deducting Ca in Ca-Ti-tschermak, ferri-tschermak and

Ca—~tschermak molecules.

3+

Fe” , incorporate Fe

(7) Form enstatite (MgZSiZOG) from remaining Mg after
subtracting Mg in Na-Ti-pyroxene.
(8) Form ferrosilite (FeZSiZOG) from remaining Fe2++Mn

after subtracting Fe in Na-Ti-pyroxene and any Fe2+ converted

to Fe3+ to satisfy the acmite component.

Several examples of analyses recalculated by the proposed
scheme and those of Kushiro (1962) and Cawthorn and Collerson
(1974) are given for comparison in Table 5.1.
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CALCIUM, MAGNESIUM, FERROUS IRON (Ca, Mg, Fe2+)

The three major end members Ca, Mg, Fe2++Mn have been
recalculated to 100 mole % for all the pyroxenes. When plotted
in the pyroxene quadrilateral, some analyses lie above the

CaMg - CaFe2+ join, due to a large dissolved content of

tschermaks molecules. Therefore the wollastonite (Wwo) ,
enstatite (En) and ferrosilite (Fs) end-members, calculated
by the proposed scheme have also been plotted, these give a
more realistic approximation to the pyroxene composition.

1, The Pleiades

Individual analyses are plotted in Fig. 5.7 and summarized
in Fig. 5,8.

The most striking feature of the pyroxenes from The
Pleiades is their continuous enrichment in Fe2++Mn with
differentiation (Fig, 5.8), a complete sequence from diopside
to hedenbergite occurs., A scatter in Fe2++Mn, Mg and Ca is
observed for pyroxenes in the more basic lavas, but this is
reduced in plots of Wo, En, Fs (Fig. 5.8). The proportion
of Ca and Wo remain constant up to the K-trachyte (25702) and
parallel the diopside-~hedenbergite join, but they decrease in
the acmitic pyroxenes of the peralkaline K-trachyte (25699).

Compositional variation within any one sample is usually
small; however in the peralkaline K-trachyte (25699) variation
results from Na enrichment and will be discussed below. The
largest variation observed is in trachyandesite (25671) where

a groundmass grain has the composition Wo42En22Fs36 whereas the
phenocrysts are Wo44En43Fsl3.

Zoning within a single grain is in most cases small or
non-existent. Except for the peralkaline K-trachyte, the
largest degree of normal zoning occurs in K-trachyte (25687)
where Fs increases from 17.0 to 22.5. Reverse zoning was
noted in several grains from trachyandesite (25703), the

largest variation was from Wo43En43Fs14 at the core, to
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FIGURE 5.7 Composition of clinopyroxene, kaersutite and olivine,
determined by electron microprobe analysis, in rocks
Clinopyroxenes are plotted in
terms of Ca, Mg, Fe2t+Mn (mole %) (dots) and recalculated
end-members Wo, Di, Fs (open circles).
is plotted along the base in terms of Fe and Mg (mole %).
Kaersutite (squares) is plotted on the basis of Ca, Mg,

from The Pleiades.

96.

Ld
°%
o]
v
h P
® o
® o
~
L] ~
*8%
Ta
. 1
~
%9
®o
N
~

Fe, (mole %).

T

25668
25703
25671
25661
25666
25687
25702
25699

OO WUnm b WN

essexite inclusion
trachyandesite
trachyandesite
nepheline tristanite
tristanite

K-trachyte

K-trachyte

peralkaline K-trachyte

L

Z

L L y VA L

b

La

L Laa sa L L

L

Lada

Olivine (triangles)

L L L L L L

L

Ab_

y 3 L

Y ]

L

Fe?'+ Mn

Mg



/
50
[ ]
[
®
30
10
\ \ \
Fe?*+Mn
/7
50
(o]
(0]
O
30
10
\ ros \ \

En

FIGURE 5.8

Fs

Compilation of individual microprobe analyses of clinopyroxene,
kaersutite and olivine in rocks from The Pleiadei#
a. Clinopyroxene plotted in terms of Ca, Mg, Fe™ +Mn (mole %)

and kaersutite (triangles) plotted in terms of Ca, Mg, Fe (mole %).
b. Clinopyroxene plotted in terms of Wo, Di, ¥s and olivine plotted

in terms of Fe ani Mg (mole %) along base.
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Wo42En51Fs7 at the rim, and appears to be related to marked
increases in Ti and Al.

2. DVDP 1 and 2

Individual analyses are plotted in Fig. 5.9 and
summarized in Fig. 5.10.

The DVDP pyroxenes show extremely Ca-rich compositions,
and plots of Ca,Mg,Fe2++Mn are mainly above the diopside-
hedenbergite join (Fig. 5.9). In terms of Wo,En,Fs analyses
lie mainly in the diopside, endiopside and salite fields
(Fig, 5.10).

The variation of Ca,Mg,Fe2+

+Mn in the DVDP pyroxenes

is extremely small and even more restricted when the end-
menmbers Wo,En,Fs are considered. This is in contrast to the
pyroxenes from The Pleiades (Fig. 5,8) which show a well
developed crystallization trend, Only one nepheline benmoreite
(1-85.35) shows any Fe enrichment while the cores in some
phenocrysts from the basanites and nepheline hawaiites also
show anomalous Fe enrichment, which is discussed below.

As might be expected from the lack of any crystallization
trend, variation within a sample and zoning within a single
pyroxene grain is very small. In the pyroxenes with Fe-rich
cores, zoning is reversed, this also occurs in the Fe-rich
nepheline benmoreite pyroxenes.

3. Mt Erebus

Pyroxenes in the anorthoclase phonolite lavas are plotted
in Figure 5.11; they show only minor zoning and no compositional
variation between samples, The pyroxenes show almost no
enrichment of Fe, even though they occur in a strongly
fractionated phonolitic lava. Their composition in terms of
Wo,En,Fs are very similar to the DVDP pyroxenes.
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Composition of clinopyroxene, kaersutite and olivine in

a dike and lava samples from DVDP holes 1 ang,2. Clino-
pyroxenes are plotted in terms of Ca, Mg, Fe +Mn (mole %)
(dots) and end-members Wo, Di, Fs (open circles),
xXenocrysts are also shown (triangles), all analyses
recalculated by charge balance method. Olivine (open
squares) is plotted along the base in terms of Fe and

Mg (mole %). Kaersutite (filled squares) is plotted
along the base in terms of the Mg index (100Mg/Mg+FeT+Mn).
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DVDP (Appendix B, Part 2, Table 2)

basanite (1-88.55, 1-121.88, 1-187.64, 2-99.34, 2-103.15)
nepheline hawaiite (2-62.41, 2-70.41)

nepheline hawaiite xenocrysts (2-62.41)

nepheline mugearite (2-39.28)

nepheline mugearite xenocrysts (2-39.28)

nepheline benmoreite (1-57.94, 1-85.35, 2-54.72)
benmoreite (1-131.36)
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FIGURE 5.9 continued.
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FIGURE 5.10 Compilation of individual microprobe analyses of clinopyroxene in
samples from DVDP holes 1 and 2. -
A. Clinopyroxene plctted in terms of Ca, Mg, Fe“ +Mn (mole %).
B. Clinopyroxene plotted in terms of Wo, Di, Fs.
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FIGURE 5.11 Composition of clinopyroxene and olivine in recent
volcanic ejecta, Mt Erebus. Lava and bomb samples
25724 (open triangles), 25725 (closed triangles)
25726 (open squares) and inclusions in anorthoclase
phenocrysts-anorthecclase 1 (closed squares),
anorthoclase 2 (circles).
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Discussion

Clinopyroxenes in alkali rocks generally show only a
small range in composition, particularly when bulk samples are
analysed; Wilkinson (1974) noted that 'compositions more iron-
rich than Fs25 are exceptional'. Gibb (1973) recognised two
clinopyroxene crystallization trends (Fig. 5.12) for alkali
lavas:

i, a calcic augite-calcic ferroaugite-hedenbergite
trend of mildly alkaline basic magmas, e.g. Shiant Isles sill
(Gibbs, 1973) and the Japanese alkali basalts (Aoki, 1964).

ii, a salite-ferrosalite-aegirine trend of strongly
alkaline basic rocks, e.g, Shonkin Sag laccolith (Nash and
Wilkinson, 1970). This trend shows strong Na enrichment and
will be discussed in more detail below.

Both trends contrast strongly with the typical trend
observed for clinopyroxenes in tholeiitic rocks such as
Skaergaard (Fig. 5.12),

Pyroxenes from the McMurdo Volcanics can be considered to
belong to the first crystallization trend listed above, but
can be further subdivided into;

1. a trend of little iron enrichment.

ii. a trend of strong iron enrichment.

Several factors probably control these crystallization trends.
The most significant difference between The Pleiades and DVDP
lavas is their degree of silica saturation, the former is only
weakly unsaturated whereas the DVDP lavas are extremely under-
saturated, Hence silica activity can be expected to play a
dominant control in the trends. Total pressure, oxygen fugacity
and water pressure will also contribute, but these will be
superimposed on the wider differences in magma composition,



*(0L6T ‘UOSUTHTTIM pue yseN) sasdTeue aqoaxdoroTw UOIIDSTS ‘Y3TTo2o®T bBes uTiuoys-9
£(L96T ‘umoxg pue xabepM) UOTSNIJUT OTITTITOY3I pARRbISEIS-G ! (LG6T ‘UOSUTHTTIM) TTTS oeL ORTd-¢
{e16T 'qqro) sosiTeur agoxdoxdoTw UOIFODTe ‘TITS SOTSI JUeTYS-£ ¢ (Apn3s sSTUl) soperald dYL-Z

! (Apnas sTU3l) JUAd-T “UF-SI-PH-TQ JO SWIS3 UT SPUSI] UOTIRZTTTeISAID 9uaxoxAdouTTo pasTIeAduUsd ZT1°S MINOIJ

S :m
AN A A A A A AN

104.




105.

SODIUM (Na)

1. The Pleiades

Although a strong enrichment in Fe2++Mn is found, Na

shows little variation and is only enriched in the pyroxenes
from peralkaline K-trachyte 25699, where the acmite (Ac)
component ranges from 9 to 91% (Fig. 5.13).

2. DVDP 1 and 2

As might be expected from the lack of Fe2++Mn enrichment,

Na also shows very little enrichment, When plotted on a
Mg,Fe2++Mn,Na diagram (Fig, 5.14) the analyses cluster in a
very small field and a short fractionation trend is indicated
by the weakly Fe-enriched pyroxenes from nepheline benmoreite
1-85,35. The trend has a slightly higher Na enrichment than

that for The Pleiades,.

Na-rich Cores
In many DVDP basanites and some nepheline hawaiite samples,

occasional phenocrysts and microphenocrysts have irregular
green cores which are Na and Fe rich (Fig. 5.6). The grains
have strong reverse zoning with Fe and Na decreasing outwards
from the core. Electron microprobe scans for Ca, Fe and Mg
(Fig. 5,15) clearly indicate the extreme Fe enrichment and the
sharp boundary with the weakly zoned rims, In basanite
1-121.88 the rim shows weak normal zoning (Fig. 5.15A) while
in the nepheline hawaiite 2~70.41 the rim is reverse zoned
(Fig. 5,15B), Six grains with Na,Fe-rich cores have been
analysed. Charge balance calculations indicate the amount of
Fe3+ in the pyroxene exceeds the Na content, so it is therefore
likely that all the Na is present as the acmite (NaFe3+Si206)
component and not as the jadeite (NaAlSiZOG) component, the
usual high pressure Na pyroxene. The sodic cores were formed
very early presumably at high pressure in the mantle. The
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FIGURE 5.13 Na—Fe2++MnfMg (mole %) plot of clinopyroxene from
The Pleiades.
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DVDP holes 1 and 2.
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B. Rim Core Rim

Pyl R -

Fe

1254

M

FIGURE 5.15 Electron microprobe scans across clinopyroxene with
Na, Fe-rich cores in basanite and nepheline hawaiite
lavas from DVDP holes 1 and 2. Note the Fe enriched

core and sharp boundary with clinopyroxene of normal
salite on rim.

A, Scan across part of DVDP 1-121.88 grain 4.
B. Scan across crystal of DVDP 2-70.41 grain 1.
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occurrence therefore of a strong acmite enrichment is difficult
to reconcile with the usual observation of high pressure

pyroxenes being jadeite rich, Unless the Na is present as a

3+

jadeite component, and the Fe occurs as ferri-tschermak

(CaFeg+

(CaFe3+AlSiOG) components. Both these latter two components

Sios) and calcium aluminium ferri-tschermak

are generally considered to be of low pressure origin.

A brief summary indicates a few of the widespread
occurrences of Na,Fe-rich cores in clinopyroxenes from alkali
basaltic lavas., Although little has been written on the
conditions of formation, reports on their occurrence are
becoming more numerous. Weiblen et al,, (1974b)discussed the
Ross Island examples and indicated they probably were of high
pressure origin, Huckenholz (1973) reported similar pyroxenes,
which he described as fassaitic augite, in nepheline basanite
and alkali basalt from West Germany, High pressure xenoliths
in a Tertiary lamprophyre dike from East Greenland contain
Na,Fe-rich reverse-zoned pyroxenes (Brooks and Rucklidge, 1973).
Dr C, K. Brooks (written communication) has found occurrences
in basanites and related rocks from East and West Greenland
and Sweden. A brief description of green Na,Fe cores in
pyroxenes in alkali basalts from the Canary Islands has been
reported in an abstract by Scott (1969). Analyses of reverse
zoned Fe-rich pyroxenes in plutonic xenoliths from the Canary
Island are given by Frisch and Schmincke (1968) and Borley
et al., (1971). Price (1973) described and figured titaniferous
augite, in an alkali basalt from Dunedin Volcano, New Zealand,
with green Na,Fe-rich cores, The green pyroxene had a mottled
appearance which Price (1973) attributed to late stage alteration,
a conclusion which may be open to reinterpretation in view of
the data presented here.

Experimental studies of the diopside-acmite system
(Yagi, 1962, 1966; Nolan and Edgar, 1963; Bailey and
Schairer, 1966) have only been made at low pressures and relate
to the appearance and stability of acmite in more differentiated
lavas of alkali volcanic series, Gilbert (1969) studied the
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Thompson (1974)

O olivine-rich alkali basalt
A transitional basalt

0O augite leucitite
Bultitude and Green (1971)

® olivine nephelinite
A picritic basanite

m picritic nephelinite

Note. Trend lines for results of Thompson only.
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high pressure stability of acmite and found that it melts
incongruently to hematite + magnetite + liquid up to at least

45 kb. An equation for the fusion curve of the reaction was
given as T(°C) = 988 + 20.87P (kb) - 0.155P% (kb). Therefore
acmite is stable under mantle conditions and it seems reasonable
to assume that acmite is also soluble in diopsidic and

salitic pyroxenes under these conditions. It is probable

that the entry of Na and Fe3+
into pyroxenes, is dependent on the availability of Fe

(i.e. the acmite component)

3+

which in turn may be a function of the oxygen fugacity.

Pyroxenes formed in high pressure melts of alkali volcanic

rocks (Thompson, 1974) and their synthetic equivalents
(Bultitude and Green, 1971) never show any marked enrichment

in Fe, although the effect of f02 was not investigated in the
experiments. The pyroxenes, which were analysed by electron
microprobe, were however unusual, being mainly of sub-calcic

compositions. The Na content had a strong positive correlation
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FIGURE 5.16 Variation of Na,0 with pressure in clinopyroxene from high
pressure meltlng experiments on natural (Thompson, 1974) and
synthetic (Bultitude and Green, 1971) basaltic systems.
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with pressure (Fig. 5.16). The data of Thompson (1974) shows
an extremely strong correlation, while the scatter in Bultitude
and Green (1971) data (Fig. 5.16) is probably a function of the
different temperatures and sample capsules used. In these
experiments the Na content was equated as an increase in the
jadeite component, If Na contents of DVDP samples are
compared with the experimental studies it suggests they formed
at pressures of 20 to 30 kbars.

The next question is what conditions in the mantle favour
the formation of Fe3+ and the overall enrichment in Fe?
Mysen (1974) partially melted a natural spinel lherzolite at
15 kbars under controlled oxygen fugacity. He found that
Mg/ (Mg+Fe) in the resulting pyroxenes decreased when the log
fo2 ‘ 3+ 2+
due to a 5% increase in Fe~ /(Fe” +Fe
can have some control on the entry of Fe3+ into pyroxenes.

increased from -10.72 to -4.47 and considered this was

3+). Thus oxygen fugacity

Thompson (1974) found that pyroxenes formed in melts
of augite leucitite had cation sums (with total Fe as FeQO) which
decreased from about 4.05 at 10 kbars to 4,01 at 28 kbars.
He interpreted this as a decrease in Fe3+ content in the
pyroxenes as pressure increased, and showed that it resulted
in a negative correlation with Na. This is the opposite effect
required to form the DVDP pyroxenes. Perhaps oxygen fugacity
may play an important role, although Thompson also noted that
the Fe3+—rich pyroxenes crystallized from a strongly alkalic
and silica-undersaturated melt at the same f02 as less alkalic
and silica undersaturated basaltic melts precipitated pyroxenes
free of Fe3+. Thompson indicated this supported a suggestion
by Lindsley et al., (1968) that fO

in various magma types, but differént degrees of oxidation

levels do not vary greatly

may be due to changes in the activity coefficients of FeO and
Fe203.

A factor which has not been discussed and is difficult to
reconcile, is the accompanying enrichment in Fe2+, which
results in a high ferrosilite component in the DVDP pyroxenes.

No explanation can be offered other than to suggest that
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perhaps there is a coupled enrichment of both Fe2+ and Fe3+.

3+ may make it more favourable for the entry

The entry of Fe
of Fe2+ than Mg.

A feature of the DVDP pyroxenes is their low values of
SiO2
Bultitude and Green (1971) and Thompson (1974)., A jadeite
component may not form in the DVDP pyroxenes because Al was

compared to the pyroxenes of the experimental studies of

entering the Z site (hence the formation of tschermak molecules)
to make up for Si deficiencies. In the experimental study of
Thompson (1974) the only pyroxene to show Si contents similar
to the DVDP pyroxenes were those crystallized from an augite
leucitite, In these pyroxenes the A1203 reached extremely
high levels ( 18% at 42 kbars). The parent rock however had
over 15% A1203 and only 8% FeO+Fe203 whereas the DVDP basanites
have 12% A1203 and 12% FeO+Fe203. Alumina activity may therefore
play an important role in the ability of Fe to enter the pyroxene
structure in strongly undersaturated magmas.

In summary the early forming Na,Fe-rich pyroxene cores
are believed to form at high pressure under oxidizing conditions
which favour a high Fe3+/(Fe2++Fe3+) ratio, These conditions
may result in the formation of an acmite component, but are

unlikely to account for the increase in the ferrosilite component.

3. Mt Erebus

The pyroxene in anorthoclase phonolite lavas from Mt

Erebus show no enrichment in Na (Fig. 5.17) and in terms of the

Na, Mg, Fe2++Mn components contain between 6-8% Na. They are

2++Mn compared to the majority

very slightly enriched in Fe
of the DVDP pyroxenes and lie on the trend line defined by the

DVDP nepheline benmoreite pyroxenes (Fig. 5.18).
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FIGURE 5.17 Na—Fe2 +Mn-Mg (mole %) plot of clinopyroxene in recent
volcanic ejecta, Mt Erebus. Symbols are the same as
Fig. 5.l11. '

Discussion

Except for the Na,Fe-rich cores in the DVDP pyroxenes,
the trends for The Pleiades and DVDP-Mt Erebus pyroxenes are
again contrasting. 1In general The Pleiades pyroxenes show a
continuous enrichment in Fe2++Mn with little variation in Na,
until the peralkaline K-trachyte. The observed trend for The
Pleiades pyroxenes is very similar to that found in pyroxenes
from slightly undersaturated alkali rocks from Dogo, Oki Island,
Japan (Uchimizu, 1966) and generalised alkali basalt-trachyte
series also from Japan (Aoki, 1964) (Fig. 5.18). It contrasts
strongly with pyroxene trends from Shonkin Sag and other
alkaline differentiation sequences also shown on Fig, 5.18.

VICTORIA INIVFERSITY OF WELLINGTON
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Clinopyrcxene crystallization trend in terms of Na-Fe2++Mn-Mg. DVDP
clinopyroxenes shown by dots. 1-The Pleiades (this study); 2-Dogo,
Iki Island, Japan (Uchimizu, 19€66); 3-Alkali basalt-trachyte series,
Japan {Aoki, 1964); 4-Pantellerite trend (Carmichael, 1962);
5-Nepheline syenite, South Greenland (Stephensen, 1972); 6-Shonkin
Sag, U.S.A., bulk analyses (Mash and Wilkinson, 1970); 7-Morotu,
Japan (Yagi, 1553); 8-Itapiraupua, Brazil (Gomes ec al.., 1970);
9-Uganda alkali complexes (Tyler and King, 1967).
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Na enrichment in pyroxenes results from substitution of
NaFe3+ forxr Ca(MgFe2+). It has been suggested that Na enrichment
may be controlled by high or increasing oxygen fugacity (Aoki,
1964; Yagi, 1966). Nash and Wilkinson (1970) however in their
study of Shonkin Sag state "the crystallization of Na-rich
pyroxenes does not demand an increase in the fugacity of oxygen,
but rather requires that the oxygen fugacity falls less rapidly
with temperature than would be the case if olivine and magnetite
were present." Olivine and magnetite act as an oxygen buffer

according to the reaction

3Fe25104 + O2 = 2Fe304 + 35102

fayalite gas magnetite liquid

Thus Na-rich pyroxenes occur only when the olivine disappears and
is no longer buffering oxygen fugacity, This fits The Pleiades
pyroxenes well, as fayalitic olivine persists up to the
K-trachytes and only disappears in the peralkaline.K—trachyte.

It is at this stage that strongly sodic pyroxenes crystallize,
The same is also true for pyroxenes at Dogo (Fig. 5.18) where
olivine persists throughout the lava series and no Na-enrichment
is reported in pyroxene except for one analysis of a slightly

sodic groundmass pyroxene.

ALUMINIUM, TITANIUM (Al,Ti)

Introduction

Barth (1931) suggested a coupled substitution of TiEMg
and Al&Si occurs in clinopyroxenes. The solubility of Ti
therefore increases with the amount of Al present in the
tetrahedral Z site (Kushiro, 1960; Le Bas, 1962; Verhoogen,
1962). Ti is usually considered to occur as the Ca-Ti-
tschermak molecule (CaTiA1203), and this is followed in the
recalculation scheme although in Al-poor acmitic pyroxenes a
Na-Ti-clinopyroxene [NaTiO.S(MgFe2+)0.SSi206] is also calculated.
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Al and Ti are plotted against Mg/Mg+Fe2++Mn (mg index)
(Figs.5.19, 5.20), a parameter which reflects the degree of

pyroxene fractionation,

1, The Pleiades

Al reaches a maximum of 0.449 atoms (on the basis of
6 oxygen) in the pyroxenes from trachyandesite 25703 and is
strongly reverse zoned (Fig. 5,19), The mg index increases
from core to rim, opposite to the normal trend, but similar
to pyroxenes with Na,Fe-rich cores from DVDP basanites, 1In
the other rocks examined Al decreases as the mg index decreases,
initially the Al decrease is rapid, but flattens out below
0,6 mg, Excluding the essexite inclusion (25668), the decrease
in Al and mg index follows increasing differentiation of the
lavas, Pyroxenes in the essexite have very low Al even though
the mg index is high. K-trachyte (25687) pyroxenes have a
wide range in Al content, varying from 0.379 (atoms) in the
phenocryst cores to 0.044 in the groundmass. The very wide
spread suggests the pyroxenes with high Al cores may be
Xenocrystic.

Ti behaves similarly to Al although there is a small
enrichment of Ti in the acmites of peralkaline K-trachyte
25699 (Fig. 5.20).

2, DVDP 1 and 2

Pyroxenes with Na,Fe~rich cores from DVDP basanites and
nepheline hawaiites are as previously noted reverse zoned with
an increasing mg index from core to rim. Al however shows no
consistent pattern from core to rim in these pyroxenes (Fig.
5.19), whereas Ti increases in all cases (Fig. 5.20).

A well defined division in Al and Ti content between the
basanite + nepheline hawaiite as a group and nepheline mugearite +
nepheline benmoreite, is apparent, The former group, in general,
have Al and Ti exceeding 0.250 (atoms) and 0.075 respectively
whereas the nepheline mugearite and nepheline benmoreite have
lower contents (Figs 5.19, 5.20). Xenocrysts in the nepheline

hawaiite have low Al and very low Ti.
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FIGURE 5,19 Variation of Al content of clinopyroxenes

(formula calculated cn the basis of 6 oxygen)

pleotted against mg index (Mg/Mg+Fel++Mn), an

index of fractionation.

A. The Pleiades (symbols as Fig. 5.13).

B. Mt Erebus and DVDP 1 and 2 (symbcls as
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3. Mt Erebus

Pyroxenes from anorthoclase phonolites are slightly
fractionated (i.e., mg index is lower), and have lower Al contents
than DVDP pyroxenes (Fig. 5.19), Ti content is very similar
to pyroxenes from DVDP nepheline benmoreites (Fig. 5.20).

Discussion

Introduction
Al content in pyroxenes is controlled by pressure and

silica activity. In the recalculation scheme excess Al over
that required to form the Ca-Ti-tschermak (CaTiAlzoe) component
forms the Ca-tschermak (CaAlZSiO6) component (Appendix B).
The amount of Ca-tschermak molecule increases with pressure
(Aoki, 1968; Aoki and Kushiro, 1968; Kushiro, 1969;
Thompson, 1974), so that greater than 5% Ca-tschermaks may
reflect pressures exceeding 5 kbars (Munoz and Sagredo, 1974).
Experimental studies (Gupta et al,, 1973) have confirmed
earlier suggestions (Kushiro, 1960; Verhoogen, 1962; Brown,
1967) that the Al and Ti content also vary with the silica
activity, The following reaction may be a simple representation
of the role of Al.0, in calcium rich pyroxenes (Carmichael

273
et al., 1970):
CaA1281O6 + S:LO2 = CaUYSLJ% s 2
Ca-Tschermak liguid plagioclase
pyroxene
hence
a8 plagioclase
CaAl_Si. O
K = 20 cer (2A)
(T,P)

pyroxene aliquid
CaAlzsiOG' sio,

In the basanites plagioclase only appears in the groundmass,
in the feldspar free situation the following reaction may apply:
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CaA1281O6 + %SlO2 + %MgZS:LO4 = CaMgSJ.206 + A1203 s and3)
Ca-Tschermak liquid olivine diopside liquid
molecule
hence
pyroxene liquid
CaM951206 A1203
K(T P) = 001(3A)
r gPyroxene (aliquié)%-(?olivine)%
canl,sio " \"sio, "Umg,si0,

Therefore the entry of Al into pyroxene can be controlled by
many factors; pressure, silica activity (aSiOZ)’ alumina
activity (aAl 0 ) and plagioclase crystallizatlon, thus
making Al var%agions in the McMurdo Volcanic Group pyroxenes
difficult to understand.

Although Ti shows a coupled substitution with Al it is
generally considered to decrease in pyroxenes as crystallization
pressures increase. Yagi and Onuma (1967) in a study of the
system CaMgSiZOG-CaTiA1206 found 11% solubility of Ca-Ti-
tschermaks at atmospheric pressure, but this was reduced to
almost zero at pressures between 10 and 25 kbars and temperatures
of 1000°C. On the other hand, Thompson (1974) noted pyroxenes
formed in high pressure melts of basalts showed increasing Ti
with rising pressure. Thompson (1974) attributed the difference
to the greater number of components in the pyroxenes formed from
rock melts. Increasing silica activity also decreases the
solubility of Ti in diopsidic pyroxenes (Gupta et al., 1973) .

It may be buffered by the reaction:

CaT1A1206 & SiO2 = CaA1251208 + T:LO2 ceo(4)
Ca-Ti-tschermak liquid plagioclase liguid
pyroxene
hence
plagioclase aliquid
" _ CaA1251208 'I‘iO2 ... (4A)
(T,P) gPyroxene liguid

. a
CaTiAlzo6 5102
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Although there is some evidence to the contrary regarding
variation of Ti with pressure (c.f. Thompson, 1974), the
Al/Ti ratio shows a positive correlation with pressure,

Experimental data (Fig. 5.21) from high pressure melts
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FIGURE 5.21 Variation of Al/Ti ratio with pressure in clinopyroxene
from high pressure melting experiments on natural
(Thompson, 1974) and synthetic (Bultitude and Green,
1971) basaltic systems. (Symbols the same as Fig. 5.16).
Shaded area from partition experiments of Akella and
Boyd (1973).

(Thompson, 1974; Bultitude and Green, 1971) have very high
Al/Ti ratios. Akella and Boyd (1973) examined the partition
of Ti and Al between co-existing silicates in synthetic Ti-rich
melts and also showed a pressure dependence of Al/Ti (Fig. 5.21)
with values that approach those observed in McMurdo Volcanic
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Group pyroxenes (Fig. 5.22).

1. The Pleiades

Variations of Al and Ti are erratic in the pyroxenes
(Fig. 5,22). Pyroxenes from essexite (25668) have very high Ti
and low Al which may indicate low pressure crystallization.
The pyroxenes, in terms of Ti and Al, are similar to tristanite
25666, Olivine from the essexite is highly fractionated
(Fa40_43) while the chemistry (see discussion on page 194)
indicates they are cumulate in origin. The mineralogy thus
suggests they are probably high level cumulates associated with
fractionation involving the formation of intermediate lavas of

tristanite and nepheline tristanite compositions.
K-trachyte (25687) has groundmass pyroxenes similar to

those from K-trachyte 25702, trachyandesite 25671 and peralkaline

K-trachyte 25699. All have low Al with variable Al/Ti ratios
which may be less than 3 and are considered low pressure in
origin, Phenocrysts in K-trachyte 25702 are variable their high
Al and Ti cores are possibly xenocrysts or alternatively the
appearance of feldspar after crystallization of the cores may

have resulted in‘a rapid decrease in Al and Ti.

2., DVDP 1 and 2

DVDP pyroxenes have considerably higher Al and Ti than
those from The Pleiades, which probably reflects the extremely
undersaturated nature (i.e. low silica activity) of the DVDP
lavas compared to those from The Pleiades., Thus as discussed
above the lower silica activity favours high Al and Ti in DVDP

pyroxenes,

Although a plot of Ti versus Al (Fig. 5.22) for DVDP
pyroxenes is scattered the nepheline mugearite, nepheline
benmoreite and benmoreite have lower Al/Ti ratios than the
basanite and nepheline hawaiite pyroxenes. This is as would
be expected and indicates a lower pressure of origin for the
pyroxenes from the differentiated lavas. ZXenocrysts in
nepheline hawaiite and nepheline mugearite have low Al and Ti
but high Al/Ti ratios. A high pressure origin could be implied
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FIGURE 5.22 Variation of Ti versus Al in clinopyroxene (on the basgis of 6 oxygen).
A. The Pleiades (symbols as Fig., 5.13).
B. Mt Erebus and DVDP 1 ana 2 (symbols as Fig. 5.14).
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from the experimental data of Akella and Boyd (1973) (Fig. 5.21)
on Al/Ti ratios. The Na,Fe-rich cores, as discussed above also
have high Al/Ti ratios, usually greater than other pyroxene
phenocrysts from the basanites and nepheline hawaiites. By
comparison with the experimental work of Akella and Boyd (1973)
(Fig, 5,21) a pressure in the order of 25 kbars is implied,

this is in agreement with depths inferred from the Na20 contents

(see page 111).

3., Mt Erebus

Pyroxenes from the anorthoclase phonolite lavas have low
Al/Ti ratios of about 3 (Fig. 5.22). They probably crystallized
at low pressures in the upper crust.

Sector Zoning

Sector zoning (Hollister and Gancarz, 1971) is common
in groundmass pyroxenes and is rarely observed in microphenocrysts,
particularly on the rims, In DVDP basanite 2-103.15, a sector
zoned pyroxene was analysed (Appendix B), the (100) sector is
notably enriched in Ti and Al and depleted in Si relative to the
(010) sector. As discussed above Al and Ti is dependent in part
on the silica activity. Nakamura (1973) has developed a theory
of protosite development to explain sector zoning in pyroxenes.
In undersaturated magmas the Si=Al+Ti substitution is more
efficient on the (100) growth surface and when rapid growth
occurs the zoning will survive as sector zones.

Further discussion on sector zoning of pyroxenes in
a McMurdo Volcanic Group basanite from Ross Island is given by
Leung (1974), »



125.

Conditions of Clinopyroxene Crystallization

The nature of the clinopyroxenes crystallizing from
any magma is dependent on a number of factors such as silica
activity, oxygen fugacity, magma composition, temperature and
pressure. Although the composition of the magma may be
important in defining the crystallization trend (Fig. 5.12),
this may not always be so, Barberi et al,, (1971) have shown
that in rare circumstances a mildly alkalic basalt may
crystallize pyroxenes that have tholeiitic affinity.

Clinopyroxenes in McMurdo Volcanic Group lavas show two
contrasting trends;

1) a well defined augite -+ hedenbergite - aegirine
(acmite) trend in The Pleiades pyroxenes (Fig. 5.8);

2) a poorly defined diopside + salite trend (Fig. 5.10)
in DVDP and Mt Erebus pyroxenes,
Lavas from The Pleiades show a trend towards silica saturation
with increased differentiation, whereas DVDP and Mt Erebus lavas
are all strongly undersaturated., Silica activity must therefore
be a very important factor in controlling the two pyroxene
trends. As silica activity decreases not only do the Al and Ti
contents in the pyroxenes increase but the degree of Fe
enrichment also decreases. Oxygen fugacity controls the entry
of NaFe3+
lavas from the McMurdo Volcanic Group.

in clinopyroxenes, but this is not important in most

Amphiboles

Introduction

Ti~-rich hornblende is termed kaersutite when Ti >0.50
in half the unit cell (0=23) and titano-hornblende if Ti <0.5
and >0,25. Kaersutite is subdivided, on the basis of
Mg/Mg + Fe3+ + Fe2+ + Mn (mg), into kaersutite if mg >0.50
and ferro-kaersutite if mg <0.50. Kaersutite is a common
constituent in many McMurdo Volcanic Group lavas. It is one
of the main mafic phenocrysts in the sodic basanite-phonolite

lineages from The Pleiades and in DVDP core samples,
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Fe,04 and FeO contents have been estimated using a method
suggested by Aoki (1970). Charge balance procedure used by
Papike et al., (1974) to determine the oxidation state of Fe
in amphiboles was attempted but mainly indicated total Fe was

present as FeO.

Occurrence

1, THE PLEIADES

Kaersutite occurs as one of the main mafic mineral phases
in the nepheline hawaiite and nepheline benmoreite lavas, but
no analyses have been made, In the potassic series kaersutite
occurs in some K-trachytes and as microphenocrysts in the
trachyandesites, it also appears along with titano-biotite as
a late phase product in the essexite inclusions. Oxidized
xenocrysts (?) are seen occasionally in other lavas. In the
K-trachyte, kaersutite is oxidized to varying degrees and may
be represented by oxidized pseudomorphs.

Eleven electron microprobe analyses of amphiboles from
five samples are given in Appendix B, eight are kaersutite and
three ferro-kaersutite. Kaersutite was also separated from a
plagioclase-kaersutite-apatite pegmatitic(?) inclusion and
analysed for major, trace and rare-earth elements (Table 5.2).
The major element analysis shows 0.60% P205, which is due to
inclusions of apatite. The rare-earth element geochemistry is

discussed in Chapter 7.

2. DVDP 1 AND 2

Kaersutite is an important mafic mineral in all DVDP
lavas except the basanites. Phenocrysts and microphenocrysts
of kaersutite in the nepheline hawaiite vary from euhedral
grains showing no alteration to grains which are strongly
resorbed and oxidised. 1In the nepheline mugearites and
nepheline benmoreites, kaersutite microphenocrysts are invariably
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TABLE 5,2 Major and trace element analysis of kaersutite from
The Pleiades.

1 Structural Formula+

Si 5,859
Si02 38.75 Al 2,141
Alp03 12,78 Al 0.136
Ti0» % 5.20 T13+ 0.591
Fe203 5:35 Fe 0,608 A 8.000
FeO 9,62 Fet 1,217 Y 5.002
MnO 0,22 Mn 0,028 X 2.589
Mgo 10,75 Mg 2,422 55
Cao 10.90 Ca 1.637 Fe~ /Fe 0.50
Na20 2,68 Na 0,786
K20 0.87 X 0,166 1lo0Mg 56.6
P05 0.60 OH 1,982 Mg+FeT+Mn _ )
Sum 97.72 Sum 17573

Trace Elements

Rb 8,2 La 30
Ba 404 Ce 67
Pb 10 Pr 11.5
Sy 657 Nd 58

Y = 69 Sm 1551
Th 3.9 Eu 3.8
U n.d. Gd 14,2
A 160 Tb 1.6
HE 4.3 Dy 947
Sn 1.0 Ho 1.8
Nb 159 Er 4.6
Cu * 34 Yb 3.6
Co * 33 REE 221
Ni * ~3

Sc % 41

V = 210

Cr * ~6

Ga * 20

B x % L1

* Determined by B. P. Kohn using emission spectroscopy, all other
trace elements and REE by spark source mass spectrometry.

* Analysis recalculated to 98% apatite-free, and 2% water added
to make total 100%, Structural formula based on 24 (0,O0H).

X 3+ +
Fe /Fe2 ratio determined by Mossbauer spectroscopy.
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completely oxidized to pseudomorphs composed of small cubic
opagues. In some samples kaersutite may alter to olivine +
augite + plagioclase + magnetite and possibly rhonite.
Groundmass kaersutite is rare and has been observed as brown
strongly pleochroic grains in a few nepheline benmoreites and
a nepheline hawaiite.

Fifty_ seven analyses of amphibole from DVDP cores were
made (Appendix B, Part 2) and all but five analyses are
kaersutites. Two titano-hornblende and one ferro-kaersutite
were found as reaction rims on xenocrysts in nepheline hawaiite
2-62.41, In nepheline benmoreite 1-85.35, a xenocryst of
titano-tschermakite was analysed.

Chemistry

The kaersutite has a near constant composition, the
greatest variation occurs in the mg index which ranges from
0,54 to 0.73 for the DVDP analyses and from 0.41 (ferro-
kaersutite) to 0.63 for The Pleiades (Fig. 5.23).

Al and Ti show only minor variations and there is a
slight tendency for Ti to increase as Al increases (Fig. 5.24).
Kaersutite from The Pleiades has lower Al and mg index than
DVDP kaersutite. Ti decreases with increased fractionation,
being highest in" the nepheline hawaiite and lowest in the
benmoreite (Fig. 5.24). Ti also correlates positively with the
mg index (Fig. 5.23).

Best (1974) has reviewed occurrences of amphiboles in
mantle-derived inclusions. He plotted Ti against Al for a large
number of such amphiboles and showed a wide spread of
compositions (Fig. 5.25). Kaersutites from McMurdo Volcanic
Group lavas usually plot between fields of kaersutites from
shallow crustal intrusions and mantle-derived amphiboles
(Fig, 5.25). Five analyses of kaersutite megacrysts from
basaltic lavas given by Best (1974) overlap with the McMurdo
Volcanic field, but there is no conclusive evidence to indicate

these megacrysts are mantle-derived and they could have



LEGEND (Figs. 5.23, 5.24)

DVDP 1 and 2

O nepheline hawaiite
B nepheline hawaiite-groundmass
A nepheline benmoreite

A benmoreite

O The Pleiades
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FIGURE 5.23 Variation of Ti versus mg index (lOOMg/Mg+FeT+Mn) in
kaersutite from DVDP 1 and 2 and The Pleiades.

Kaersutite formula calculated on the basis of 23
oxygen.
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